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Three-dimensional modeling of topographic effects in electrical 

resistivity and magnetometric resistivity surveys has been accom-

plished using the surface integral equation method. The technique 

provides a means for: 1) analyzing these effects on earth models of 

homogeneous conductivity and 2) removing terrain effects from field 

data. 

A new method combining current source images with surface 

charge Is developed to treat the air-earth interface electric 

field boundary conditions. The method uses an image of each sub-

surface current source positioned above the surface so as to induce 

a surface charge distribution which approximately cancels the charge 

distribution induced by the subsurface current source. The result-

ing total surface charge distribution varies more slowly spacially 

than either of the original charge distributions and hence may be 

represented more accurately on a coarsely segmented model surface 

with simple basis functions. 

The topographic surface is modeled by a finite number of cells, 

each with constant slope and surface charge density. Charge values 

are obtained with an iterative solution technique. Surface elec-



tric fields are calculated from the surface charge distribution, 

current sources and images. The magnetic field is found by eva1u~ 

ating a surface integral involving surface slopes and electric 

fields. The numerical solution is verified by comparisons with 

dipole-dipole resistivity results from a two~d1menslona1 finite 

element model of a valley and with analytic solutions for the 

magnetic fields over a dipping Interface. Resistivity and magne­

tometric resistivity terrain effects are investigated by modeling 

a suite of 16 two- and three-dimensional terrain features. ·Finally. 

methods for removing terrain effects from apparent resistivity and 

magnetometric resistivity data are described and demonstrated with 

examples using actual field measurements. 

The results of this study show that: 1) magnetic field and 

electric potential terrain effects occur with similar percentages 

over a given topographic feature. although their anomaly patterns 

are generally dissimilar, 2) electric and magnetic field terrain 

effects generally become significant on terrain features with 

slopes exceeding 10 degrees, and 3) the integral equation modeling 

technique provides an effective means of determining terrain cor­

rections over realistically complex three-dimensional topography 

for both the electrical resistivity and magnetometric resistivity 

methods. 



ACKNOWLEDGEMENTS 

l am indebted to my dissertation committee members, Professor 

T. V. McEvilly~ Professor H. F. Morrison, and Dr. M. N. Nabighian 

of Newmont Exploration Ltd. for their assistance and patience. 

would especially 1 ike to thank Professor H. F. Morrison for obtain­

ing the funding for this work and both Professor H. F. Morrison and 

Dr. H. N. Nabighlan for their constructive suggestions and encour­

agement throughout the course of this study. 

Special thanks are due to Mrs. Carrie Zwerg who carefully typed 

the final manuscript and to my wife~ Yvonne, who helped prepare the 

illustrations. 

Financial support for this work was provided by an HEW Domestic 

Mining and Mineral and Mineral Fuel Conservation Fellowship~ the 

Department of Energy~ and Newmont Exploration Limited. 



TABLE OF CONTENTS 

Acknowledgements • 

Table of Contents 

List of Figures 

List of Tables • 

Chapter 1 

Introduction 

1-1 The Electrical Resistivity Method • 

1-2 Terrain Effects in Electrical Resistivity 
Surveys • • • • . • • . • • • • • 

1-3 The Magnetometric Resistivity Method 

l-4 

1=5 

1=6 

1-7 

1=8 

Chapter 2 

Terrain Effects in Mangetometric 
Resistivity Surveys •...•• 

Terrain Effects in Electric and Magnetic 
Induced Polarization Surveys ••.• 

Previous Work on Electrical Methods 
Terrain Effects •••••••••• 

Objective of Research 

Scope of This Study .• 

Numerical Modeling Technique ••••••..• 

2-1 An Integral Equation Approach to the 
Terrain Problem .••••.•..• 

i i 

vi 

. . .xi i i 

2 

3 

5 

6 

7 

9 

12 

13 

14 

14 

i i 



2-2 Properties of an Arbitrary Surface . . . . . . . 16 

2-3 Combined Use of Images and Surface Charge. . . . 18 

2-4 Formulation of the Surface Integral in 
Terms of Surface Slopes . . . . . . . . . . . . 23 

2-5 Numerical Solution of the Surface Charge 
Integral Equation ••••••.••.••••• 26 

2-6 Formulation of the Normal Component of 
Primary Electric Field in Terms of 
Surface Slopes • • • • • • • • . •• 31 

2-7 Electric Potential Due to Current Sources 
and Images • • • • • • • .•. 32 

2-8 Estimation of the Electric Potential Due 
to Surface Charges •• 33 

2-8.1 Analytic Integration of the Potential 
Function Over Square Surface Elements .• 35 

2-8.2 Charge on an Outer Surface Grid • • 37 

2-9 Tangential Surface Electric Fields from 
Surface Potentials • • • • • • • . • • •••. 38 

2-10 Determination of the Magnetic Field from 
Surface Electric Fields and Slopes • 39 

2-10.1 Total Surface Electric Field •• . • 41 

2-10.2 Estimation of the Magnetic Field Due 
to Electric Fields on Model Elements .• 42 

2-11 An Approximate Separation of Primary and 
Secondary Magnetic Fields • . • 43 

2-12 Operational Considerations for the Numerical 
Modeling Program. • • . • , • , • 47 

2-12.1 Model Surfaces ' ' 48 

2-12.2 Current Sources and Images •. , , •. , 49 

iii 



Chapter 3 

2-12.3 Estimation of Electric Potentials 
and Magnetic Fields ••• 0 0 

2=12.4 Computer Requirements 

Numerical Results 

3-1 Verification of the Numerical Solution • 

3-2 Terrain-Correction Technique for Apparent 
Resistivity Data ••••• 0 •••• 

3-3 Resistivity Terrain Correction Example • 

3-4 Terrain-Correction Technique for Magnetometric 

50 

51 

52 

52 

55 

57 

Resistivity Data ••• 0 • 0 • 0 60 

5 Magnetometric Resistivity Terrain Correction 
Example • 0 • • • • • • • • • • • • • • • • 62 

3-6 Analysis of the Numerical Model Solution for 
the Terrain Correction Example ••. 0 66 

3-7 Terrain Features in Uniform Electrical Fields. • 71 

3-8 Magnetometric Resistivity and Electrical 
Resistivity Terrain Effects Over Two and 
Three Dimensional Features •• 0 • 73 

3-8.1 Apparent Resistivity Model Results 

3-8.2 Magnetic Field Model Results ••• 

3-9 An Approximate Method for Estimating Vertical 

76 

80 

Magnetic Field Terrain Effects • • . • . • 83 

Chapter 4 

Summary and Conclusions •. 

References • • • • • . • 

85 

93 

iv 



Appendix I 

Derivation of the Integral Equation for the Electric 
Potential Boundary Value Problem • • • • • • 96 

Appendix II 

Magnetic Field of a Finite Current Filament .••••.• 101 

Appendix I I I 

Derivation of the Modified Boit-Savart Law for 
Solenoidal Current Flow ••••••• 

Appendix IV 

Terrain Program Listing 

103 

105 

Figures G 0 0 fil () Q f) 0 0 e 0 G 0 0 0 0 0 e Q 0 G & 0 "' Q 0 e 129 

v 



LIST OF FIGURES 

2=3=1. An inhomogeneity imbedded in a whole-space •• 

2-3-2. A subsurface current source imbedded ln a hill 

2-3-3. Integral equation approach employing an image of 

129 

130 

the topography and current source • • • • • 131 

2-3-4. Schematic representations of the surface charge 
distributions due to: (a) a subsurface current 
source; (b) a current source image above a per­
fectly conducting earth; and (c) the superposition 
of the charge distributions in (a) and (b). • • • • • 132 

2-8-1. Geometry for the evaluation of the potential at the 
center of a surface element carrying a uniform 
charge density • • • • • • • . • • • • • . 133 

2-8-2. Surface element geometric types for elements 
surrounding an observation point • 

2-8-3. (a) Geometry of model surfaces when the current 
source and image are symmetric about the plane 
of the outer grid 

(b) Geometry of surfaces when symmetry of source 
and image does not exist with the outer grid . 

2-11-1. Surfaces used for the calculation of the total 
magnetic field , , .••••.••...• 

3-1-1. Comparison of integral equation (author's) and 
finite element (Fox et al, 1980) dipole-dipole 

134 

135 

136 

apparent resistivity model psudeo-sections •• , 137 

3-1-2. 41 x 41 element model surface used to represent a 
hemispherical depression . • • • • • • • • 138 

3-1-3. Comparison of analytic equation and integral equa­
tion model solutions for the vertical magnetic 
field anomalies over a hemispherical depression 139 

3-l-4. 41 x 41 element model surface used to represent a 
dipping interface. • • • • . • • • • • • • • . • 140 

vl 



3-1-5. Comparison of analytic equation and integral equation 
model solutions for the horizontal magnetic field 
anomaly over an interface dipping at 11.25° •••••• 141 

3-1-6. Comparison of analytic equation and integral equation 
model solutions for the vertical magnetic field 
anomaly over an interface dipping. at 11.25° •• , • , , 142 

1. Topography in the resistivity survey area around test 
d r i 11 ho 1 e 0-9. , • • • • • • • • • • • • . 14 3 

3-3-2. Current electrode configuration used for the mise-a-la­
masse resistivity survey in the area around drill hole 

3-3-3. Actual mise-a-la-masse apparent resistivities measured 

144 

on the surface around drill hole D-9. • • • • • . • 145 

3- 4. Terrain model mise-a-la-masse apparent resistivities 
computed on the surface around drill hole D-9 • • 146 

3- 5. Terrain corrected mise-a-la-masse apparent resis-
tivities for the area around drill hole D-9 • • • • 147 

3-3-6. Qualitative interpretation of the terrain corrected 
mise-a-la-masse apparent resistivities in the 
vicinity of drill hole D-9 ••• , . • . • . • 148 

3-S-l. Topography of the MMR survey area around drill 
ho 1 e 0-9 0 0 0 0 0 9 $ 0 (> a @ f) 0 0 €l 149 

3-5-2. Current electrode configuration used for the MMR 
survey in the area of drill hole D-9 • • • • • • 150 

3-S-3. Actual MMR magnetic fields measured on the surface 
around dri 11 hole D-9 • • • . • • • • 151 

3-S-4. Terrain model MMR magnetic fields computed on the 
surface around drill hole D-9.... • • • .• 152 

3-5-5. Half-space surface MMR magnetic fields computed in 

3-5-6. 

the vicinity of drill hole D-9 . • • • 153 

Measured MMR magnetic fields with terrain model 
fields removed, i.e., terrain corrected fields 154 

vii 



5=7. Qualitative interpretation of the terrain corrected 
magnetic field in the vicinity of drill hole D-9. o 155 

3-6-1. Model topography. Complete 61 x 61 element model 
surface used to model the mise-a-la-masse and MMR 
surveys in the vicinity of drill hole D-9. • • • • 156 

3=6-2. West-east section through the model topography and 
drill hole D-9. • • • • • • • • • • • • • • • 157 

3-6-3. Surface charge density on the 61 x 61 element model 
surface • o • • • • • • • • • • • • • • • • • • • • 158 

3-6-4. Detail of surface charge density on the central 21 
x 21 elements of the model surface 159 

3-6-5. Electric potential on the model surface 160 

3-6-6. 

3-6-]. 

Percentage of the total potential model solution 
due to surface charge • • • • • • • • • • 

Model apparent resistivities computed from the 
total potential • • • • • • • •••• 

3-6-8. Horizontal vector magnetic fields on the model surface 
due to current flow in the wires connected to the 

161 

162 

down-hole current electrodes • • • • • • • • 163 

6-9. Vertical magnetic field on the model surface due to 
current flow in the wires connected to the down-hole 
current electrodes • • • . • • , • • • • 164 

3-6-10. Horizontal vector magnetic fields on the model surface 
due to current flow in the homogeneous earth model. 165 

3-6-11. Vertical magnetic field on the model surface due to 
current flow in the homogeneous earth model . 166 

3-6-12. Horizontal magnetic field vectors on the model surface 
due to current flow in the wires and In the earth . 167 

3-6-13. Vertical magnetic field on the model surface due to 
current flow in the wires and in the earth • • 168 

6-14. Magnetic field x component on the model surface due 
to current flow in the wires and in the earth 169 

viii 



3w6-15. Magnetic field y component on the model surface due 
to current flow in the wires and in the earth. • 170 

3-6-16. Model apparent resistivities computed from the total 
potential. (51 x 51 element model surface). • • • •. 171 

3=6-17. Magnetic field x component on the model surface due 
to current flow in the wires and in the earth. (51 
x 51 element model surface) •·• • • . • • . • 172 

3-6-18. Combined plots of horizontal and vertical magnetic 
fields on the model surface due to current flow 
in the wires and in the earth • • • • • • • • . • 173 

3-6-19. Combined plots of horizontal and vertical magnetic 
fields on the horizontal surface of a homogeneous 
earth model due to current flow in the wires and 
ln the earth. • • • • • • • • • • • • • • • • 174 

3-6-20. Combined plots of horizontal and vertical magnetic 
fields on the dipping (flat) surface of a homo­
geneous earth model due to current flow in the 
wires and in the earth.. 175 

3-7-1. 2-D ridge with 30° slopes . • 176 

3-7-2. Percent surface electric field anomaly caused by a 
uniform electric field perpendicular to the strike 
of a 2-D ridge with 30° slopes . 177 

3-7=3. 3-D hill with 20° slopes. • • • . • . • 178 

3-7-4. Percent surface electric field anomaly caused by a 
3-D hill with 20° slopes in a uniform horizontal 
electric field ••••••••..•••••.••... 179 

3-8-l' 2-D ridge model with 10° slopes. Current electrode 
locations at A, B' and c. ' . . . . . . . . . . . 180 

3-8-2. 2-D ridge model with 20° slopes. Current electrode 
1 oca t ions at A, B, and C. . . . . . . . . ' ' . . !81 

3-8-3. 2-D ridge model with 30° slopes. Current electrode 
1 oca t i on s a t A, B, and C. . . . . . . . . . . . . 182 

3-8-4. 2-D valley model with 20° slopes. Current electrode 
1 ocat ions at A, B, and C. . . . . ' . . . . ' . . 183 

lx 



3-8~s. 3-D hi11 model with 10° slopes. Current electrode 
locations at A9 13, and c. . . . . . . . . . . 0 . 184 

3-8-6. 3-D hi 11 model with 20° slopes. Current electrode 
locations at A, B, and c. 0 0 . . . . . . . . . . 185 

3-8-7. 3-D hi 11 model with 30° slopes. Current electrode 
1 oca t i on s at A , 13, and c. . . . . 0 . . . . 0 0 . 186 

3-8-8. 3-D sink model with 20° slopes. Current electrode 
locations at A, 13, and c. . . . . . . . . . . 187 

3-8-9. Apparent Resistivity. Case: R-SA10-IB 188 

3-8-10. Apparent Resistivity. se: R-SA20-IA . . . . 189 

3-8-11. Apparent Resistivity. Case: R-SA20-IB . . 0 . 190 

3-8-12. Apparent Resistivity. Case: R-SA20-IC . . . . . 191 

3-8-13. Apparent Resistivity. Case: R-SA30-IB . . 192 

8-14. Apparent Resistivity. Case: V-SA20-IA 193 

3-8-15. Apparent Resistivity. Case: V-SA20-IB 194 

3-8-16. Apparent Resistivity. Case: V-SA20-IC . 195 

3-8-17. Apparent Resistivity. Case: M-SA10-IB . . 196 

3-8-18. Apparent Resistivity. Case: M-SA20-IA . . . . . . 197 

3-8-19. Apparent Resistivity. Case: M-SA20-IB 198 

3-8-20. Apparent Resistivity. Case: M-SA20-IC 199 

3-8-21. Apparent Resistivity. Case: M-SA30-IB . 200 

3-8-22. Apparent Resistivity. Case: S-SA20-IA . 201 

3-8-23. Apparent Resistivity. Case: S-SA20-IB . . . . . . 202 

3-8-24. Apparent Resistivity. Case: S-SA20-IC 203 

3-8-25. Percent Bx Anomaly. Case: R-SAlO-IB . . . . 204 

3-8-26. Percent By Anomaly. Case: R-SAlO-IB . . . . 205 

8-27. Percent Bz Anomaly. Case: R-SA10-IB . . . . 206 



xi 

3-8-28. Percent Bx Anomaly. Case: R-SA20=IA . . 207 

3-8-29. Percent By Anomaly. Case: R-SA20-IA • 208 

3-8-30. Percent Bz Anomaly. Case: R-SA20-IA . 209 

3-8-31. Percent Bx Anomaly. Case: R-SA20-IB 210 

3-8-32. Percent By Anomaly. Case: R-SA20-IB . . . . . 211 

3-8-33. Percent Bz Anomaly. Case: R-SA20-IB . . . . . . 212 

3-8-34. Percent Bx Anomaly. Case: R-SA20-IC . . . 0 0 . 213 

3-8-35. Percent By Anomaly. Case: R-SA20-IC . . . . . . 0 . . 214 

.3-8-36. Percent Bz Anomaly. Case: R-SA20-IC . 215 

3-8-37. Percent Bx Anomaly. Case: R-SA30-IB . . . . . . 216 

3-8-38. Percent By Anomaly. Case: R-SA30-IB . . . . 217 

3-8-39. Percent Bz Anomaly. Case: R-SA30-IB . . . . . . 218 

3-8-40. Percent Bx Anomaly. Case: V-SA20-IA . . . . . . . . 219 

3-8-41. Percent By Anomaly. Case: V-SA20-IA . . . . 220 

3-8-42. Percent Bz Anomaly. Case: V-SA20-IA . . 221 

3-8-43. Percent Bx Anomaly. Case: V=SA20-IB . . . . . . 222 

3-8-44. Percent By Anomaly. Case: V-SA20-IB 223 

3-8-45. Percent Bz Anomaly. Case: V-SA20-IB 224 

3-8-46. Percent Bx Anomaly. Case: V-SA20-IC . 225 

3-8-47. Percent By Anomaly. Case: V-SA20-IC . . . . . . 226 

3-8-48. Percent Bz Anomaly. Case: V-SA20-IC . . . . . . . 227 

3-8-49. Percent Bx Anomaly. Case: M-SA10-IB . 228 

3-8-50. Percent By Anomaly. Case: M-SA10-IB . . 229 

3-8-51. Percent Bz Anomaly. Case: M-SA10-IB 330 



xi I 

3-8-52. Percent Bx Anomaly. Case: M-SA20-IA 231 

3-8-53. Percent By Anomaly. Case: M-SA20-IA • 232 

3-8-54. Percent Bz Anomaly. Case: M-SA20-IA . 233 

3-8-55. Percent Bx Anomaly. Case: M-SA20-IB 234 

3-8-56. Percent By Anomaly. se: M-SA20-IB 235 

3-8-57. Percent Bz Anomaly. Case: M-SA20-IB . . . . . 236 

3-8-58. Percent Bx Anomaly. Case: M-SA20-IC . . . . . . . . . 237 

3-8-59. Percent By Anomaly. Case: M-SA20-IC . . . . 238 

3-8-60. Percent Bz Anomaly. Case: M-SA20-IC 239 

3-8-61. Pen::ent Bx Anomaly. Case: M-SA30-IB 240 

8-62. Percent By Anomaly. Case: M-SA30-IB 241 

3-8-63. Percent Bz Anomaly. Case: M-SA30-IB . . . . . . 242 

3-8-64. Percent Bx Anomaly. Case: S-SA20-IA . . . . . . . . . 243 

3-8-65. Percent By Anomaly. Case: S-SA20-IA 244 

8-66. Percent Bz Anomaly. Case: S-SA20-IA . 245 

3-8-67. Percent Bx Anomaly. Case: S-SA20-IB . . . . . . 246 

3-8-68. Percent By Anomaly. Case: S-SA20-IB . 247 

3-8-69. Percent Bz Anomaly. Case: S-SA20-IB . . . . . . . 248 

3-8-70. Percent Bx Anomaly. Case: S-SA20-IC 249 

3-8-71. Percent By Anomaly. Case: S-SA20-IC . . . . . . 250 

3-8-72. Percent Bz Anomaly. Case: S-SA20-IC . 251 

3-9-1. Comparison of vertical magnetic field anomalies 
calculated with the full numer i ca 1 solution and 
with an approximate method using half-space 
electric fields and surface slopes . . . . . . . 252 

II-1. Diagram defining the angles and distances used to 
determine the magnetic field due to current flow 
in a finite length straight wire segment . . . . 253 



xi i i 

LIST OF TABLES 

8-1 Terrain model suite cases . . . . . . . . . . . . . . 75 

8-2 TerraIn model suite apparent resistivity 
maxima and minima . . ' . . . . . . . . . . . . . 78 

3-8-2 rra in model suite maximum percent magnetic 
field a noma 1 i es . . . . . . ' ' ' ' . . ' . ' . . 81 





CHAPTER 1 

INTRODUCTION 

The direct current electrical prospecting methods are powerful 

tools in mineral and geothermal exploration. This class of methods, 

which includes all of the electrical resistivity techniques and the 

relatively new magnetometric resistivity method, is used extensively 

to detect and delineate buried geologic structures which have 

electrical conductivities which contrast with the surrounding 

country rock. Much of this work is carried out in areas of rugged 

topography where terrain effects can produce misleading anomalies 

in the measured fields. Hence it is important to understand these 

effects and where necessary remove them from the measurements. 



1-1 The Electrical Resistivity Method 

The Electrical Resistivity Method (usually referred to as the 

Resistivity Method) employs a currenttransmitter which injects a 

low frequency (usually 1 Hz or less) alternating current into two 

electrodes imbedded In the ground. Low frequency currents are 

employed to eliminate electromagnetic induction effects and allow 

treatment of the fields assuming direct current conditions. Along 

the surface, measurements are made of the electric potential differ-

ence between a second pair of electrodes to detect distortions in 

the field due to subsurface zones of anomalous conductivity. 

These potential difference measurements are reduced to apparent 

resistivity values. The apparent resistivity is defined as the 

theoretical resistivity that must be assigned to a uniform half-

space earth model to produce a calculated potential difference 

equivalent to the measured value. The equation for the apparent 

resistivity is a function of the measured potential difference V , m 

the applied current I, and a geometric factor G which is a function 

of the position of current and potential electrodes: 

p = G V /I a m 

2 



3 

1=2 Terrain Effects in Electrical Resistivity Surveys 

By definition, the apparent resistivity of a uniform hal space 

measured with any electrode configuration will be equal to the half= 

space 1 s intrinsic resistivity. This concept of apparent resistivity 

may be extended to an earth having an irregular surface: apparent 

resistivities measured on a uniform earth with arbitrary terrain will 

equal the intrinsic resistivity of that earth. However, the applica­

tion of this definition requires the calculation of the unique geo­

metric factors for the specific topography and electrode geometries 

involved. Because of the difficulty of computing the appropriate 

geometric factors for an irregular earth surface, it has been standard 

practice to apply the more easily calculated flat-earth geometric 

factors irrespective of the type of topography the data were collected 

over. This inappropriate use of flat-earth geometric factors is the 

basic cause of terrain effects in apparent resistivity surveys. 

The data in a typical resistivity survey will consist of several 

tens to several hundreds of potential measurements made with varing 

electrode positions and spacings. These data are generally plotted 

as apparent resistivities verses electrode separation and/or measure­

ment location to form resistivity sounding or pseudo-section diagrams. 

Although these diagrams do not represent the actual distribution of 

earth resistivities, they are a means of organizing the data, so that 

patterns diagnostic of particular earth conductivity structures may 

be identified by comparison with model results, The effect of irregu­

lar terrain on these resistivity diagrams is to produce fictitious 



patterns of anomalous resistivities which tend to obscure the 

anomalies created by subsurface geologic structures. 

4 



1=3 The Magnetometric Resistivity Method 

The Magnetometric Resistlvi (MMR) method was first patented 

by Jakosky (1933), but received little use until about 1970 when 

improvements in instrumentation made the method a viable explor= 

ation tool. The MMR method is similar to the Resistivity method 

5 

in that both techniques employ a current transmitter unit which 

injects low frequency (non-inductive) alternating currents into the 

earth through a pair of electrodes. However, the Magnetometric Resis= 

tivity method differs from the resistivity method in that the poten= 

tial measuring electrodes are replaced by a sensitive coil or magne­

tometer and a component of the magnetic field due to current flow in 

the earth is measured. The presence of a conductivity inhomogeneity 

redistributes the flow of current causing a perturbation in the normal 

magnetic field pattern. Conductive zones will generally have higher 

than average current densities resulting in increased horizontal com­

ponent magnetic field readings over these zones. 



1-4 Terrain Effects in Magnetometric Resistivity Surveys 

Terrain effects occur in MMR surveys when measurements made 

over irregular terrain are reduced using half-space primary (normal) 

magnetic fields. The ha1f=space primary magnetic field is the 

theoretical field produced by a current source imbedded in an 

electrically homogeneous half-space and is defined by a simple 

analytic expression. Reduction of MMR measurements is accomplished 

by subtracting this half=space field from each measured value; the 

residual quantity is the MMR anomaly,which is non-zero only when 

the normal half-space current flow pattern is disturbed by zones 

of anomalous conductivity. Terrain features also disturb this 

normal half-space current pattern -- generating MMR terrain 

anomalies. To prevent these terrain effects, it is necessary to 

calculate and remove the theoretical magnetic fields for a homo= 

geneous earth model of the terrain in the survey area. 

6 



1-5 Terrain Effects in Electric and Magnetic Induced Polarization 

Surveys 

The electric induced polarization (EIP or IP) response of a 

homogeneous earth is not affected by topography (Fox et al, 1980). 

The measured IP parameters, percent frequency effect, chargeabl1 lty, 

and phase angle represent the ratio of polarization current to nor­

mal current and hence are unaffected by terrain effects, which 

distort normal and polarization currents to the same degree. How­

ever, the IP response of a finite body is altered by irregular 

topography because the polarization and normal currents are dis­

torted by different amounts. 

Topography has much the same effect on the magnetic induced 

polarization (MIP) method as it does on the EIP method. It is 

fundamental to the MIP method that a uniformly polarizable earth 

with an arbitrary surface produces no MIP response, and hence is 

free from M!P terrain effects. The way in which terrain influences 

MIP observations over a finite body depends on the method used to 

reduce the MIP measurements. If the MIP effect is calculated as 

the ratio of polarization magnetic fields to total measured magnetic 

fields, terrain effects result because topography distorts polari­

zation and total fields in different proportions. (This method of 

calculation is analogous to that applied to EIP observations.) Al­

ternatively, if the MIP effect is calculated as the ratio of polari­

zation to anomalous magnetic fields, both of which are affected by 

terrain ln the same way, MIP terrain effects are largely cancelled. 
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However, accurate determination of the anomalous magnetic field 

depends, first 9 on calculating the primary (normal) magnetic 

field, which can be significantly distorted by topography. For 

a description of the MIP method see Seigel (1974). 
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1-6 Previous Work on Electrical Methods Terrain Effects 

The first description of terrain effects in a direct current 

electrical methods survey can be traced to the first full-scale 

field test of the equipotential (electric potential) technique, a 

method conceived and developed by Conrad Schlumberger in France in 

1912 (A11aud and Martin, 1977). Schlumberger's technique is based 

on the measurement of the electric potential field in the vicinity 

of a pair of widely spaced grounded electrodes which inject a low 

frequency alternating ~urrent into the earth. Conrad Schlumberger 

noted that distortions of the equipotential lines near a particular 

steep slope were due to the geometry of the slope causing zones of 

diffused and concentrated current flow. 

Due to the difficulty of evaluating terrain effects,they have 

until recently been largely ignored. Tank models and analytic 

solutions have provided insight to the problem but have not provided 

the flexibility required to treat real field data. The avai1abl1 ity 

of high speed digital computers in the late 1960's made numerical 

modeling of electrical methods for exploration geophysics efficient 

and practical. Although there have been numerous resistivity numeri­

cal model studies for inhomogeneities beneath a flat earth surface, 

there have been only a handful of studies treating the effects of 

topography. 

The published studies of topographic effects in resistivity 

surveys have employed a variety of numerical techniques. In most 

cases. the computer programs used for these studies were slightly 
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modified versions of programs used for flat-earth inhomogeneity 

studies: Jepsen (1969), using a finite difference program, modeled 

the surface electric field distortions produced by several 2-D 

terrain features in a uniform D. Co electric field. Coggon (1971) 

used a two-dimensional finite element program to model dipole­

dipole and gradient array resistivity and induced polarization 

responses over a valley and hill. Hallof (1970) and Rijo (1977) 

have demonstrated terrain effects in resistivity surveys with a 

few two-dimensional models. Fox et al (1980) made a systematic 

model suite study of two-dimensional terrain effects in dipole= 

dipole resistivity surveys using a finite element program and pre= 

sented a technique for terrain correcting field data. This is the 

most complete study of terrain effects available, but it is appli­

cable only to dipole-dipole surveys over two-dimensional terrain. 

Papazian (1979) describes an approximate technique employing 

Schwarz-Christoffel transformations for modeling resistivity data 

collected over two-dimensional topography. Spiegel et al (1980) 

show how the approximate electric potential can be found on two= 

dimensional topography over a 0 body by using the Schwarz­

Christoffe1 transformation. Their method transforms the coordinates 

defining the irregular surface and buried body into a half-space, 

which can be modeled using a conventional flat surface 3-D numerical 

model. Note that the 2-D nature of the Schwarz-Christoffel trans­

formation necessarily requires that line current sources are used. 
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This limits the usefulness of the two above techniques. Recently, 

Holcome, H. T. (1981) (draft copy) has developed a specialized 

finite element program capable of modeling resistivity surveys 

on three-dimensional terrain over three-dimensional inhomogeneities. 

With the exception of Holcome, H. T. (1981) and the present study, 

published work on terrain effects in resistivity surveys have been 

limited to two-dimensional topographic features. 

Except for the present study,the topic of terrain effects in 

Magnetometric Resistivity surveys has not be investigated. The 

available flat-earth Magnetometric Resistivity studies consist 

basically of a collection of analytic solutions for several simple 

geometric shapes by Edwards et al (1978), and a two-dimensional 

integral equation numerical model study by Gomez-Trevino and 

Edwards (1979). 
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1=7 Objective of Research 

loration geophysicists have long known topographic features 

to be the cause of false or misleading anomalies in D. C. electrical 

methods surveys. However 9 the evaluation and correction of these 

terrain effects is di !cult, requiring the use of forward numerical 

model solutions for the electric and magnetic fields over arbitrary 

three-dimensional terrains. Up to now, there have been no model 

studies on the terrain effect in MMR surveys; and the available 

model studies on electrical resistivity terrain effects have been 

limited to two-dimensional topography. Hence, there is a definite 

need for a modeling technique which would enable the geophysicist to 

estimate and remove three-dimensional terrain effects in both 

electrical resistivity and magnetometric resistivity surveys. 

The objectives of this research are, then, first, to develop 

a computer program capable of efficiently modeling the electric and 

magnetic field distortions produced by realistically complex three­

dimensional terrains in electrical resistivity and magnetometrlc 

resistivity surveys; second, investigate the significance of these 

types of terrain effects; and third~ develop practical methods for 

the removal of terrain effects from field data to facilitate unbiased 

interpretations of subsurface structures. 
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1-8 

This work examines the application of the integral equation 

numerical modeling technique to the estimation of D topographic 

effects for homogeneous earths in the Electrical Resistivity and 

Magnetometric Resistivity geophysical prospecting methods. A new 

and fundamentally powerful technique for applying current source 

images in combination with surface charges is developed and used 

to meet the boundary conditions on the air-earth interface. The 

integral equations required for the solution of the electric and 

magnetic fields are reformulated in terms of surface slopes. 

Verification of the accuracy of the numerical solution is made 

by comparisons with independent modeling techniques. Resistivity 

and magnetometric resistivity terrain effects are investigated by 

modeling a suite of two-and three-dimensional topographic features. 

The effect of terrain on uniform electric fields is examined. A 

computationally efficient method for estimating terrain caused 

vertical magnetic fields is developed and demonstrated. Finally, 

methods for correcting apparent resistivity and MMR data for 

terrain effects are described and demonstrated with examples using 

real field data. 
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CHAPTER 2 

NUMERICAL MODELING TECHNIQUE 

2=1 An Integral Equation Approach to the Terrain Problem 

Three-dimensional topography is efficiently simulated with the 

surface integral-equation method since only the surface of the earth 

need be represented by model elements. The other principal numeri­

cal techniques, finite-difference and finite-element, require three­

dimensional meshes of model elements which can become prohibitively 

large when used to model detailed three-dimensional terrains. How­

ever, it is recognized that the relative effectiveness of any model­

ing program will generally depend more on efficiency of the program 

code and the specific class of the problem modeled than it will on 

the type of numerical method on which it is based. 

To treat the terrain problem, the standard integral equation 

method is modified by a technique for applying images in combination 

with su charges; the resulting integral equation is formulated 

in terms of surface charges and terrain slopes. The terrain is 

divided into a grid of flat para11elogrammatic plates or elements 

on each of which the charge density is assumed to be uniform. An 

approximate solution to the surface integral equation is obtained 

using the 11 point matching11 method to solve for the charge at the 

center of each element. The iipoint matching11 method is a particu­

lar case of the method of moments (Harrington~ 1968). The integral 

equation can thus be written as a set of simultaneous linear equa= 
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tions with su charges as the unknowns. The large number of 

surface elements makes a matrix inversion solution of the equa­

tions impractical; but the system of equations is easily and rapidly 

solved by an iterative approach. 

Once the surface charge distribution has been determined, the 

other electrical parameters are easily calculated. Electric poten­

tiBl is determined from an evaluation of the potential contributions 

produced by the surface charge distribution and the current sources 

and images. Apparent resistivities are then calculated directly 

from the potential. Surface electric fields, which are required 

for the calculation of the magnetic field, are determined by adding 

electric fields produced by the sources and images to the electric 

field due to the surface charge distribution. Finally, the magnetic 

field is found, not by a volume integration over current densities, 

but, by evaluating a surface integral equation involving terrain 

slopes and surface electric fields; an approximate separation of 

primary and secondary magnetic fields is used to reduce problems 

created by electric field singularities and the finite area of 

the model, 
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2~2 Properties of an Arbitrary Surface 

Essential to the development of the integral equations for the 

terrain problem are the following basic analytical properties of an 

arbitrary surface. The formulations follow that of Bhattacharyya 

and Chan (1977). A rectangular cartesian coordinate system is used 

with the z=axls pointing down, the x-axis pointing north and the 

y-axis pointing east. Let (x, y, z) define a point on the surface. 

The surface can then be defined as a function of two variables and 

represented by z = f(x, y). We assume f(x, y) has continuous and 

finite partial first and second order derivatives at all points on 

the surface. The unit vector n normal to the surface is defined by 

the direction cosines (n ' 

n 
X 

n 
y 

X 

-f 
X = ( l + f 2 + f zp• 

X y 

-f 
"" y i (1 + f 2 + f 2 )-i 

X y 

nz = (1 + f 2 + f 2 )± 
X y 

n y' n ), where 
z 

(2-2-1) 

The variables f and f are the derivatives of f(x, y) along the x 
X y 

and y directions respectively. The relation between a surface ele-

ment ds and its projection on the (x, y)-plane dxdy is given by 

ds - dxdy = (1 + f 2 + f 2 )l dxdy 
X y • (2-2-2) 

The normal derivative of a function on the surface is defined by 
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the operator 



2-3 Combined Use of Images and Surface Charge 

The first paper using the surface integral approach for solution 

of the DC resistivity problem was published by Alfano (1959, 1960~ 

1961). Other papers using this approach have been published by 

Dieter~ Paterson and Grant (1969). Pratt (1972). Barnett (1972). 

and Snyder (1976}. The basic equation used in the DC integral 

equation method (derived in Appendix 1) Is given by 

ds} ,(2-3-ll 

where the geometry is that of Figure 2-3-1, and 

a~ is the derivative normal to the surface s, 

p(P) is the surface charge density at P, 

I is the strength of a current source located at C, 

s is the surface between the zones of conductivities o1 and cr 2 , 

01 and cr 2 are the conductivities of mediums 1 and 2, 

£ is the permittivity, 

and the prime on s indicates that the singularity at P is not in-

eluded in the integration. 

It is an established technique in flat earth integral equation 

modeling problems to apply equation (2-3-1) only to the surfaces of 

buried inhomogeneities and their images. Satisfaction of the e1ec-

tric field boundary condition (zero normal electric field) at the 

air-earth interface is achieved Indirectly through electric field 
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symmetry created by images of the current sources and the surface 

charge on the inhomogeneities. This approach creates a charge free 

air-earth interface. Once a terrain feature is included in the 

model, the electric field symmetry across the earth 1 s surface is 

lost, making the image method unsuitable for the solution of the 

surface boundary condition. Three alternate schemes for treating 

the surface boundary conditions for integral equation terrain 

models are described below. 

There are two conventional techniques for including terrain 

features in integral equation models. The first simply treats the 

air as a semi-infinite inhomogeneity imbedded in a whole-space and 

relies on surface charges defined by the integral equation (2-3-1) 

to satisfy surface boundary conditions. This technique necessitates 

that a large portion of the surface be represented by model elements, 

even if much of the model surface is flat. A second technique em­

ploys an image of the terrain surface reflected across a plane of 

symmetry which lies above the highest surface feature. An example 

of this method applied to the hi11 model of Figure 2-3-2 is shown 

in ~lgure 2-3-3. Note that it is necessary to place the hill in a 

large topographic depression to create an image of finite size. This 

image technique is a direct extension of the standard method of 

using images of inhomogeneities in flat earth models to meet the 

air-earth interface electric field boundary conditions. The only 

advantage in using the surface image approach in a terrain problem 

is that where the plane of symmetry can be made to coincide with 
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the earth 1 s surface there Is no surface charge and hence no obliga­

tion to represent those areas with model elements. 

A third technique for modeling terrain surfaces (the method 

used in this study) involves the combined use of current source 

images and surface charges. The technique is directed in particular 

at treating the extreme variations in surface charge density asso­

ciated with buried or down hole current sources, as illustrated 

ln Figure 2-3-4a. The problem of rapid charge variation also occurs 

on inhomogeneities in flat-earth models where it has been tradi­

tionally managed by the use of higher order basis functions to 

represent the charge on the elements or by increasing the density 

of elements in the problem area. In contrast, the new technique 

eliminates extreme charge variations by positioning a current source 

image, as shown in Figure 2-3-4c,above the surface opposite the 

current source. In this way,the source and image provide a first 

order solution to the boundary conditions, while surface charge 

handles the higher order detail of the solution. 

To show the validity of this special use of images, we intro­

duce an electric field annihilator surface charge distribution. 

This charge distribution completely shiel the region it encloses 

from externally generated electric fields. The annihilator equation 

is easily derived by applying equation (2-3-1) to the surface geom­

etry given in Figure 2-3-4b. By letting a~ become infinite, the 

electric field in medium 1 is forced to zero and the charge dis­

tribution p2 becomes an electric field annihilator for medium l. 
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Rewriting equation (2-3-1) ~ this annihilator may be given as: 

pz (P) 
2e: (2-3-2) 

By applying the annihilator, we are given the freedom to place 

current sources above the surface without affecting the electric 

field intensity below the surface. 

We next apply equation {2-3-1) to the standard problem of 

Figure 2-3-4a in which the current source is located below the 

surface. In this case~ the surface charge distribution Pl l 5 

found by rewriting equation (2-3-1) as 

p!(P) "" k [ I f.. p!(M) 
(-

1
-)] dS, c .!... (-~-) + a (2-3-3) 2e:: 4'ITcrl an r PC 2e:: an rPM 

Next the .following conditions are placed on equations (2-3-2) 

and (2-3-3): 1) The geometry of the surfaces S in both equations 

are identical. 2) The resistivity contrast coefficient k for 

equation (2- 3) is one. This corresponds to medium 2 being 

highly resistive relative to medium 1, and includes the cases of 

an air-earth contact and of highly resistive buried inhomogeneities. 

3) The conductivity of medium 2 in equation (2-3-2) is set equal 

to the medium 1 conductivity in equation (2-3-3). With these 

conditions met, we add equations (2-3-2) and (2-3-3) obtaining: 

(-
1
-) dS, 

rPM 
(2-3-4) 
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where Po is a new surface charge distribution defined as: 

Po = P1 + P2• 

Equation (2- 4) has some interesting and important properties: 

1) its structure is essentially the same as equation (2-3-1) for 

k = 1; 2) there is no dif renee in the treatment of current sources 

above or below the surface; 3) the application of the electric 

field annihilator assures us that a current source placed above 

the surface has no effect on the electric field solution below 

the surface; 4) where the surface is flat and an image current 

source is placed directly opposite a buried source, there will 

be no surface charge. This configuration corresponds to the stan­

dard image method applied to the solution of the surface boundary 

condition on a homogeneous earth. 

The cancellation effect that results from the addition of the 

two surface charge distributions is illustrated in Figure 2-3-4c. 

The advantage provided by this method in a numerical model is fairly 

clear. The image may be positioned so that its charge distribution 

will approximately cancel the charge distribution associated with 

the source. The residual charge distribution is much more slowly 

varying than either of the original distributions and hence places 

fewer demands on the numerical model; that is, the charge may be 

represented accurately on a coarse grid with a simple basis function, 
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2-4 Formulation of the Surface Integral in Terms of Surface Slopes 

To reform the basic surface charge integral equation in terms 

of surface slopes,we begin by writing equation (2-3-4) as 

1 J d 1 q (P) "" t (P) + -
2 

q (M) ":\"'" (-) dS , 
'IT an rPM 

5 I 

(2-4=1) 

where t(p) is the normal component of wholespace electric field due 

to current sources and images, and 

(2=4-2) 

Next, let the locations M and P refer respectively to primed and 

unprimed locations in cartesian coordinates. Thus, 

P = (x, y, z) and M ~ (x', y', z'), 

and R =rPM= [<x-x') 2 + (y-y') 2 + (z-z')']t 

(2-4-3) 

(2-4=4) 

Combining equations {2-2-2), (2=2=3) and (2-4-4) we obtain 

:n (*)dS =- [ (x-x')nx + (y-y'}ny + (z-z')] 

(2-4-5) 

(2=4-6) 

We may now rewrite (2-4-1) in terms of surface normal vectors as 
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q(x,y) = t(x,y) - z! ~ q{X 1
' y«) 

USB 

· [<x-x')nx + (y-y')ny + (z-z')n,] (2-4-?) 

Alternately, using equation (2=4-6) we may write (2-4-1) in terms 

of surface slopes as q(x,y) = t(x,y) + 

Equation (2-4-8) may be simplified by dividing the surface charge 

and normal component of primary electric field at each point by 

the vertical component of the surface normal vector. The area of 

an infinitesimal surface element is given by equation (2-2-2). The 

first term on the right hand side of this equation relates the area 

of the horizontal projection dxdy of a surface element to the true 

area of the element. 

We next define two new functions Q and T by weighting the sur-

face charge q and the normal component of primary electric field t 

by 

1 (1 + f + f ) ---= . n X y 
z 

(2-4-9 ) 

Thus Q and T are defined as 

Q(x,y) "' q (x, y) ( 1 + f' + (')t 
X y (2-4-10) 

T(x,y) "' t(x,y)(l + f2 + f2)-l 
X y . (2-4-11) 
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multiplying equation (2-4-8 ) by (2-4-9') and substituting equations 

(2-4-10) and (2-4-11) in the result, we obtain the following inte-

gral equation involving weighted surface charge and surface slopes. 

Q(x,y) ~ T(x,y) + :: Jf Q(x' ,y~) (x-x') dx'dy' 

S I 
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2~5 Numerical Solution of the Surface Charge Integral Equation 

The surface charge integral equation is solved by the method of 

11c:o11ocation11 or 11 point=matching11
• Here the method is applied to a 

surface representing topography. 

The model surface is divided into flat parallelogrammatic ele­

ments by laying out an equispac:ed N x N grid over the terrain. The 

resulting elements are tangent to the terrain surface at their centers 

and have areas which are inversely proportional to the vertical com­

ponent of their surface normal vectors. Slnce the elements are 

planar, neighboring elements will not generally join at adjacent 

edges. However, the errors introduced by these gaps are not gen­

erally significant in the types of models considered here because 

the grid size is large and the surfaces are smoothly varying. 

A more exact surface representation can be achieved with tri­

angular elements; however, the program coding is more complex and 

program execution is slower. 

The orientation of an element Is determined from the surface 

slopes in the x andy directions at the center of the element. A 

simple technique for averaging surface gradients in the forward and 

reverse directions was found adequate for determing slopes. A bi= 

cubic spline was also used to find slopes but showed no advantage 

over the simpler technique. 

An approximate solution to the surface charge integral equa­

tion, equation (2-4-12). may be obtained by solving its left hand 

side at the center of each surface element. Thus, the double 
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integral becomes a double summation of a series of integrals over 

smaller areas. 

Equation (2-4=12) thus becomes: 

f (x. , y.) 
Q(x., y.) = T(x., y,) + x 2~ J 

l J I J 
Q (x' , Y') (x ~-x') 

R 

M N 

+;~I: I: Jf 
Q(x 1

, y') [H(x ,y.)-H(x' ,y')] 
I -----==----::::-"F"";:.........;,_ _____ dX I dy I , (2-5-1) 

p=1 q=1 ~~ A pq 

where H(x. y) is the surface elevation array and* Implies that the 

summation excludes (i, j) = (p, q). 

A basis function must be selected to represent the variation 

of surface charge density over the surface element A 
pq 

Although it 

is possible to use higher order basis functions, we have chosen the 

zeroth order function because of the resulting simplified mathematics. 

Barnett (1972) numerically evaluated the integrals in equation 

(2-5-1). However, satisfactory results for most terrains have been 

obtained by treating the surface charge as being concentrated at 

the center of each surface element. 

This approximation allows the integral to be written as a 

product. For example, the first integral in equation (2-5-1) 
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becomes 

JJ 
A pq 

A pq (2-5=2) 

This approximation is nearly exact when used to estimate the 

electric field coupling between widely separated surface elements. 

(Here~ electric field coupling refers to the normal electric field 

at the center of a surface element due to charges on another e1e-

ment). However~ when adjacent elements are considered, the approx= 

imation is in general much less accurate but not necessarily 

ineffective when applied to the topographic problem. This is 

so partly bec~use the degree of electric field coup1 ing between 

a pair of elements decreases as the charge carrying element ap-

proaches alignment with the plane containing the observation 

element. 

In cases where the surface is represented with an adequate 

density of elements, so that It appears to be smoothly varying, 

adjacent elements wi11 lie nearly in the same plane and will 

therefore tend to be coupled only to a small degree. 

Substituting equation (2-5-2) into (2- 1), we obtain the 

final numerical form of the integral equation for surface charge 
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f (x. , y.) 
Q(x., y.) = T(x,, y.) + x 2~ J 

I J I J 

f (x.,y .) 
+ y I J 

21T 

M N 
1 +-
21T I 

p=l q=l* 

M N 

I 
p=l 9""1* 

Q(x ' yg) [ H (xi , p 
R3 

M N 
Q(x ,y ) (x.-x ) 

p g I p A 
RJ pq 

(2-S-3) 

y.) - H(x X ) J 
J p' 9 A pq 

where H(x,y) is an array containing surface elevations. 

Solution hod: 

Equation (2-5-3) represents a set of simultaneous linear 

equations which could be solved by a matrix inversion approach. 

However, since we are working with surface grids with well over a 

thousand elements, the corresponding matrix wou1d contain over a 

million elements. Also, since the charge on each element generally 

couples into every other element, the matrix would be full. These 

factors, combined with computer limitations, make the direct matrix 

inversion approach impractical for this type of problem. Fortun-

ately, equation (2-S-3) is easily solved by an iterative approach. 

The unknown array Q is initially set to array T, then placed 

in the right hand side of equation (2- 3). As each new value for 

array Q is calculated, it is used to update the array. The method 

differs from the Neumann series approach where the array Q is up-

dated only after new values for Q have been calculated for all 

29 



values in the array. 

Even though the resistivity reflection coefficient for the 

air-earth interface is unity, the iterative solution for charge 

generally converges to a satisfactory 1eve1 of accuracy in two to 

three iterations. This rapid convergence may be attributed to the 

moderate degree of electrical coupling between surface elements on 

gently varying terrain. 
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2=6 Formulation of Normal Component of Primary Electric Field 

in Terms of Surface Slopes 

The potential due to a current source of strength I located at 

point (x 0 , y 0 , z 0 ) in a homogeneous medium of conductivity cr ls given 

by 

where 

I 
~(x, y, z) = ~R 

'i'ITO'K ' 
(2-6-1) 

(2-6-2) 

The normal component of electric field across a surface is 

(2-6-3) 

Using 

_, 
an 

a a a 
n -+n -+n x ax y ay z az (2-6-4) 

we have 

E (x,y,z) I [<x-xo) "x + (y-y 0 )n + (z-z 0 )n ] , "' 4m::rR 3 n y z 
(2-6-S) 

or in terms of surface slopes 

(2 -6) 
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7 Electric Potential Due to Current Sources and Images 

In our formulation of the topographic problem,the total electric 

potential is composed of three parts: the potential due to the cur-

rent source in the earth~ the potential due to the current image 

source above the surface, and the potential due to the surface charge 

distribution. The potential ~ 1 due to the current source and image 

is written as a summation of whole-space electric potential functions, 

+ 
I· I (2-7-1) 

where r 1 and r 2 are the respective distances between the observation 

point and the current source 

cr is the earth's conductivity. 

and the current image source I., and 
I 
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2-8 Estimation of the Electric Potential Due to Surface Charges 

This section describes the method used to estimate the surface 

potential due to the charge distribution on the model surface ele-

ments. 

The potential $ due to a volume charge distribution q(r) in a 

volume Vo is 

{2-8-1) 

When the charge is confined to a surface S, as it is in our terrain 

model, the above equation reduces to 

(2-8-2) 

where q{r 1
) is surface charge density. 

Equation (2-8-2) must be evaluated over the constant charge 

density on each surface element. Although it is possible to perform 

this integration analytically over each of the arbitrarily oriented 

surface elements, the following approximations have proven satis-

factory for the types of model surfaces considered in this work: 

First, charge on elements which are three or more elements distant 

from the point of observation may be treated as point concentrations 

of charge. Second, the angular orientation of surface elements may 

be ignored when the integration is performed over neighboring ele-

ments, that is, the elements are treated as if they are contained 

in and lying parallel to a single plane. This approximation 

eliminates the need to evaluate the integral in equation (2-8-2) 



for each unique set of orientations of surface elements and observa­

tions. 

The integral (2-8-2) Is evaluated analytically only once for 

each of a small number of element geometries (Figure 2-8-2) surround­

ing a general observation point. A table of geometric correction 

factors is computed by normalizing these integrations by the corres­

ponding values obtained by concentrating the charges at the centers 

of the elements. 

From the perspective of the computer algorithm, the potential 

is computed by first assuming the charges are concentrated at the 

centers of the elements. Then~ when an element is identified as 

lying within a three element radius of the observation point, the 

appropriate geometric correction factor is applied. The singularity 

at the observation point is treated separately as an analytic cal­

culation. 

The correction factors and singularity are evaluated in the 

following section. 
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Z-8.1 Analytic Integration of the Potential Function Over Square 

Surface Elements 

The following integral evaluation technique is used both for 

estimating the magnetic field contribution due to electric field on 

surface elements and for estimating the contribution to potential 

due to charge on surface elements. 

The integral to be evaluated, in both cases, excluding con-

stants, is of the form 

P(C•) = ff ~~~:'{! (2-8-3) 

element 

where 

r "" ix + jy + kz (2-8-4) 

let the observation point be located at the origin. Then, in cyl in-

drlcal coordinates, equation (2-8-3) becomes 

p. Jf dedr . (2-8-5) 

element 

To demonstrate the method used, the singular element is evalu-

ated. Referencing Figure 2-8-1, the symmetry of the singular element 

requires that the integration be performed over only 1/8th of the 

element, i.e., the shaded portion. Equation (2-8-5) then becomes 
a 

82 r1 "" 2 sece 

Po = 8 J J dedr (2-8-6) 
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where 

ez "" 45.0°' 

e1 "" 0. 0° • 

Thus 
ez 

Po "" 81 a secede • 

e1 
1T e ~ e2 

Po ,. 4a1og [tan (4 + 2) I e1 ' 

(2-8-7) 

Po "" 3. 525494a • (2-8-8) 

Calculations in cylindrical coordinates for element geometries 

of types 1, 2 and 3, as defined in Figure 2-8-2, can be carried out 

in a similar fashion. 

Let the contribution from element type 

P1 "" 1.03805a , 

P2 "" 0. 724697a • 

be P.. Then 
I 

(2-8-9) 

If the above P1 are normalized by the corresponding values 

obtained by treating the surface charge or E field as concentrated 

at the center of each element, the following correction constants 

c. are obtained: 
I 

CJ. "' 1. 03805 

Cz "" 1. 02488 

c3 "" 1.01018 (2-8-10) 
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2-8.2 Charge on an Outer Surface Grid 

The model surface surrounding the main N x N grid area is assumed 

to be flat and have surface electric fields which are very close to 

half-space field values. These assumptions do not exclude the pos­

sibility that significant surface charge may be present on the flat 

surface surrounding the topography. If the current sources and images 

are arranged symmetrically about the flat outer surface, as shown in 

Figure 2-8-3a, there is no charge on the outer surface (assuming 

fects of topography on the electric field do not extend to this outer 

surface). However, where current sources and images are asymmetrically 

positioned about the outer surface,as in Figure 2-8-3b, there can be 

significant charge on the outer surface. 

To obtain accurate estimates of the potential on the inner model 

grid, it is necessary to include the potential contribution made by 

charges on the outer flat surface. This is accomplished by coarsely 

griding the outer surface and using the normal component of primary 

electric field at the center of each element (due to current sources 

and images) to determine the surface charge density for that element. 

This outer grid charge distribution is included in the integral for 

the potential (equation (2-8-2)), 
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2-9 Tangential Surface Electric Fields from Surface Potentials 

The tangential surface electric field due to charge on the 

model surface is found by taking the gradient the surface poten-

tial. The gradient of this surface potential is first computed 

treating the potential fields as if impressed on a horizontal 

surface. The x andy components of this pseudo-grandlent are 

multiplied respectively by 

(1 + f 2) -! and ( 1 + f 2 ) -! 
X y (2-9-l) 

to correct for the sloping terrain surface. The x, y, and z com-

ponents of the resulting tangential surface electric field are 

written as 

Ex "' EFX + fZ 
X 

E "' EFY 
] 

y + f2 
y 

f fy 
E EFX 

2S + EFY "' + f2 +fZ z (2-9-2) X y 

where EFX and EFY are the negative x and y components of the 

gradient of the potential distribution impressed on a horizontal 

surface, and f and f are terrain slopes. 
X y 

This technique is applied only to the potential due to surface 

charges to prevent the problem of computing gradients near singu-

larities. The total tangential electric field is found by adding 

the easily calculated electric fields of the current sources and 

images to the electric fields derived from the potential due to 

surface charges. 
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2-10 Determination of the Magnetic Field from Surface Electric 

The magnetic field at any point on, above, or below the 

surface may be found by evaluation of an integral involving sur-

face electric fields and surface slopes. To derive this integral 

equation, we start with the modified Biot-Savart Law for solenoidal 

current flow as given by Edwards et al (1978) and derived in Appen-

d ix Ill. 

(2-10-1) 

where B(r) is the magnetic field, 

•(F) is the electric potential, 

cr(r) is the conductivity of the earth at r, 

~ is the vacuum permeability, 

and S is the set of all surfaces across which the conductivity 

changes. The gradient of the potential yields the electric field 

from 

(2-10-2) 

The gradient of the conductivity (Gomez-Trevino, 1978) can be 

written as 

(2-10-3) 

where n is the unit vector outward normal to the surface S, cr 1 and 

cr 2 are the conductivities of the two mediums separated by surface S, 

and o(S) is a Dirac delta function which becomes non-zero only on S. 
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Using (2-10=2) and (2-10-3) 9 the magnetic field may be 

rewritten as 

(2-10-4 ) 

where 

Ex~ - l(E n -En )-j(E n -E n )+k(E n -En ) . y Z Z y X Z Z X X y y X 
{2-10-5 ) 

Thus 9 the components of magnetic field are given by 

B r') "" 
-" (o,-a,) ff (Ey"z - Ez"y) dS, 

X 41T 1 r- r' 1 

s 

a (r,) -'ll(crl-cr2) ff (Ez"x - Ex"z) dS, 
y "" 41T I r-r • I 

s 
-'ll(crl-cr2) f~ (E n - E n ) s (r, > "" 

X 'f. 'f. X dS. {2-10-6) 
z 41T I r-r I I 

s 

Applying equations (2-2-2) and ~-2-3) to (2-10-6 ) the magnetic 

field may be written in terms of surface slopes as 

s <;:: ·) -'11(0'1-0'2) if. (E + E/y) dxdy, "" 41T Tr-r' I X 

s 

+'ll(crl-cr2) (E f + E ) 
s (r ·) ff Z X X y "" 41T . !r-r•l dxdy' 

s 

+'ll(crl-cr2) !1 
(E f - E f ) 

B (;::I) X 'f. 'f. X dxdy. (2-10-7 ) 
z 41T 1 r-r' I 

Note that when the surface S is the air-earth interface, as in the 

topographic problem, medium 2 represents the air;thus 0'2 = 0. 



2-10.1 Total Surface Electric Field 

The surface electric field may be separated into components 

normal to and tangential to the surface. Thus. we can write 

where 

ET is 

E is n 

Et is 

- -E + E n t 

the total surface electric field; 

the e 1ectric field normal to the 

the electric field tangential to 

Further, it can be shown that 

surface; 

the surface. 

(2-1 0-8 

(2-10-9 ) 

This lmpl ies that the surface electric field used in the magnetic 

field equation (2-10-7 ) need not include the electric field normal 

to the surface. Therefore, for computational convenience, the total 

electric field in equation (2-10-7 ) is replaced by the sum of the 

total surface electric field due to current sources and images and 

the tangential electric field due to the surface charge distribution. 
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2-10.2 

Model Elements 

The magnetic field integrals in equation (2=10=7) are evaluated 

using the same techniques applied to the electric potential integral 

in section 2=8. The following approximations are employed in the 

magnetic field integrals: (1) Electric fields and surface slopes 

are treated as constants over each surface element; (2) Electric 

fields on elements which are three or more elements distant from the 

observation point are treated as point concentrations of electric 

field; (3) The angular orientation of nearby elements is disregarded. 

that is. nearby elements are treated as though they lie in the plane 

containing the observation element. 

The procedures used to treat the singularity and elements lying 

within a three element radius of the observation point are described 

in section 2-8. 
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2-11 An Approximate Separation of Primary and Secondary Magnetic 

Fields 

In flat earth integral equation problems, it is possible to 

separate primary and secondary electric fields on the earth 1 s 

surface for the purpose of evaluating the magnetic field (Gomez­

Trevino, 1978). Since the magnetic field due to the primary elec­

tric field on a flat earth surface is expressible in a simple 

analytic form, the integration in equation (2-10-4 ) need be carried 

out only over the secondary electric field. Calculation of the 

magnetic field by this technique has two important advantages over 

an integration over the total electric field: first, it avoids the 

problems associated with numerical integration over electric field 

singularities produced by current sources; and second, because the 

secondary electric field falls off more rapidly than the primary, 

the extent of the area of integration may be reduced. Clearly it 

is not possible to apply this electric field separation technique to 

the general topographic problem because there exists no simple rela­

tion between a primary electric field defined on an irregular earth 

surface and its corresponding magnetic field. However, it is possible 

to devise an approximation to the flat earth electric field separ­

ation technique which may be applied to the topographic problem. 

One method of obtaining the total magnetic field over a terrain 

model is to integrate the total electric field ET over the complete 

earth surface S. This could be written as 



dS 
9 (2-11-2) 

where 

However, the use of 11 requires that the integration be pre-

formed over a relatively large area surrounding the section of 

terrain being modeled and that special treatment be given to the 

integral near the current source. These problems may be avoided 

if outside the central zone of terrain the surface is flat and the 

E fields there are approximated well by their half-space values. 

Then, referring to Figure 11-1 9 the magnetic fie 1 d may be 

rewritten as 

where 

Let 

where 

-
ET Is total e 1 ec t r ic f i e 1 d , 

E is half-space electric field, 
p 

ST is the central surface with terrain, 

S is the outer horizontal surface. 
0 

J 
E x;; 

K ~dS 
s +S !f-r'l 
o I 

and 

A is the analytic expression for the magnetic field due 

(2-11-3) 

(2-11-4) 
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to a current source imbedded in a uniform hal space, 

and s1 is an inner horizontal surface in the plane of S
0

• 

Then equation (2=11=3) may be rewritten as 

Kl 
- " 

Kl 
A 

ET x n E x n 
BT "" dS + A = e dS. lr-r• I I r-r • I 

ST SI 
{2-11-5) 

In a numerical problem, the integrals over surfaces ST and s1 in 

equation (2-11-5) become double summations over anN x N grid of 

surface elements. The horizontal coordinates of elements on sur-

faces STand s1 are identical. Surfaces STand s1 should inter­

sect directly above the current source, and surface current sources 

should be positioned at the center of a surface element. 

There are two advantages provided through use of equation 

(2-11-5). First, it allows calculation of the total magnetic field 

without performing an integration over the electric fields outside 

the central N x N grid area. Second, systematic errors accumulated 

by the numerical integration over surface STare effectively cancelled 

by the subtraction of the integral over surface s1 . The effect 

achieved through use of equation (2-11-S) is similar to that pro-

duced by separating the primary and secondary electric fields to 

remove the electric field singularity in the integral. 

Note that when the earth's surface is flat, surfaces ST and 

s1 coincide so that the integrals in equation (2-11-5) may be com­

bined into a single integral over the secondary electric field. 

Equation (2-11 ), so modified, is equivalent in form to the equa-
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tion used by Gomez~Trevino (1978) for determining the contribution 

to magnetic field from electric fields on the earth's surface. 
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2=12 Operational Considerations for the Numerical Modeling 

Program 

This article reviews the capabilities and limitations of 

the terrain modeling program developed for this investigation. 

The terrain modeling program 1 s basic function is to evaluate the 

electric potential and magnetic fields produced by direct current 

flow in an electrically homogeneous earth with arbitrary topography. 

The formulations employed are for an earth having a uniform e1ec= 

trica1 conductivity of arbitrary value and free space electric 

permittivity and magnetic permeability values. 

47 



2-12.1 Model Surfaces 

In their analytic form~ the equations developed apply to 

arbitrary terrains, excluding only those surfaces with discon­

tinuous second derivatives and overhangs (i.e.,non-single valued 

surfaces). However, some of the approximations used in the numer­

ical solution of the terrain problem make accurate modeling of 

the electric and magnetic responses of some types of topographic 

features uncertain. To be avoided are terrains with slope angles 

exceeding fifty degrees or slope angle changes greater than five 

to ten degrees between adjacent elements. The rate of inter-element 

slope angle change may be decreased by smoothing the surface or 

increasing the model grid density. As an additional practical 

restriction, the maximum surface feature height should be less than 

20 percent of the model width. 

Further, the outer edges of the terrain model surface should 

connect smoothly with the surrounding infinite horizontal surface. 

This condition can usually be met by applying a linear taper to the 

outer 10 percent of the model surface. Under certain modeling con­

ditions, e.g.,where the current source and field measurement loca­

tions indicate that edge effects will be insignificant, the edges 

of the terrain model surface may be left unmodified. 

Typical terrain model surfaces will be composed of uniformly 

spaced surface elements layed out on grids 41 x 41 to 61 x 61 

elements in size. 
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2=12.2 Current Sources and I 

The primary electric field source for the terrain model may be 

either uniform field (produced by a very distant point current source) 

or polar (local point current sources). Current sources lying within 

a distance of 1.5 model elements of the surface must be positioned 

directly beneath the nearest model element for acceptable model re­

sults. Deeper current sources may be placed without restriction. 

Where subsurface current sources are used,the position and 

strength of their corresponding images is not critical. The image 

is manually positioned so that it represents the approximate re­

flection of the current source (electrode) across the nearest section 

of surface elements; and the image strength is usually set to the 

current source strength. 

Where surface current electrodes are modeled, the current 

images must be superimposed on their corresponding current sources, 

and the surface must generally be smooth for a radius of 2 model 

elements around the electrode. However, if a current electrode 

lies on the apex of a conical or ridge-like feature in the terrain, 

smoothing of the surface may not be necessary, provided the image 

strength is adjusted to satisfy the near source field behavior 

resulting from the solid angle formed by the surface around the 

electrode. 
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2=12.3 Estimation of Electric Potentials and Magnetic Fields 

The program estimates electric potential at the center of each 

surface element and will optionally determine apparent resistivity 

values, computed with flat earth resistivity geometric factors, 

relative to an arbitrarly positioned potential reference electrode. 

Magnetic field components are calculated on an observation 

grid surface which shares horizontal coordinates with the topographic 

surface model grid. Usually the observation surface is equated to 

the topographic surface thereby simulating surface magnetic field 

measurements; however, observation surfaces above or below the 

terrain surface may be specified. 

Electric and magnetic field values at locations between grid 

locations may be found by interpolation. 
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2-12.4 Computer Requirements 

Computer requirements for the terrain program are not excessive 

given the complexity of the terrain problem. On a CDC 7600 computer, 

a typical 41 x 41 element model with a single current electrode 

arrangement requires approximately 60 seconds to compute poten-

tials and resistivities at all surface elements and an additional 

20 seconds to compute vector magnetic fields at one-fourth of the 

surface elements. The required core or direct access data storage 

ranges between 6 to 12 times the number of model surface elements 

depending on the choice of trade-offs made between data storage 

and program execution time. 
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CHAPTER 3 

NUMERICAL RESULTS 

3-1 Verification of the Numerical Solution 

Verification of the resistivity terrain numerical model was made 

by a comparison with 2-D finite element resistivity model results 

from Fox et a1 (1980). The 3-D integral equation terrain program 

was used to model a dipole-dipole survey line across a symmetric 

two-dimensional valley with 10 degree slope angles (Fox et a1 (1980), 

model case: V-SL6.0-SA10). The integral equation valley model was 

constructed from a simple 41 x 41 grid of surface elements. To 

accommodate current sources in the model surface, image strengths 

were adjusted to satisfy the near source electric field behavior 

resulting from the solid angles formed by the surface around the 

electrodes. Agreement between the integral equation and finite 

element model results is fairly good as shown in the apparent 

resistivity psudeo-sections in Figure 3-1-1. 

Checks on the reciprocity of the potential fields for this 

model show a maximum error of 1.8 percent around the surface inflec­

tion at the base of the valley and an average error of 0.5 percent 

for all points calculated. This error can be further reduced by 

smoothing the surface and increasing the number of model elements 

near the surface inflection. 

Verification of the magnetometric resistivity portion of the 

numerical model was made by comparisons with results from analytic 
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magnetic field expressions for a hemispherical depression and a 

dipping air-earth interface from Edwards et al (1978). Although 

the hemispherical depression with its near vertical sides and right 

angle break in slope at the rim is outside the class of problems 

intended for the terrain program, it still serves as a basic order­

of-magnitude model check. The model for the hemispherical depression 

consists of a 41 x 41 square element grid as shown in Figure 1-2. 

The hemisphere is 14 model elements in diameter with a current 

source I positioned at the surface one diameter from the depression 1 s 

center. To remove the abrupt slope change at the rim of the depres­

sion, the surface was smoothed. Figure 3-1-3 compares model and 

analytic expression results for the vertical magnetic field on 1 lnes 

A, Band C. In spite of the limitations of this particular model. 

the comparison is quite good. 

Analytic expressions for MMR anomalies over a dipping inter-

• from Edwards et a1 (1978), provided checks on both the vertical 

and horizontal magnetic fields for the numerical model. Plan and 

section views of the 41 x 41 element dipping interface model are 

given in Figure 3-1-4. An electrode I is imbedded at the contact, 

and the interface dips at an angle of 11.25 degrees. The resistivity 

of the upper wedge p2 was set to infinity in the analytic expressions 

to approximate air, and all field values were calculated along the 

horizontal surface Z = 0 on line A. The numerical model and analytic 

results are plotted together ln Figures 3-1-5 and 3-1-6 as percent 

MMR anomaly. Agreement of the results Is excellent. Maximum error 
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in the model results for vertical and horizontal components is less 

than one percent of the total magnetic field, 

Other checks on the author 1 s numerical model consist of 

comparisons of resistivity and magnetic field results for fine 

and coarse model grids and comparisons with flat earth cases. 
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2 Terrain Correction Technique for Apparent Resistivity Data 

When properly calculated, the measured apparent resistivity 

of a homogeneous earth will always be equal to that earth's intrin-

sic resistivity; terrain effects result simply from the application 

of inappropriate geometric factors in computing the apparent resis-

tivity. 

For any resistivity array on any shape earth, the apparent 

resistivity p may be defined by: a 

(3-2-1) 

where V is the measured potential difference, I is the applied 

current, and G is the geometric factor, which depends on the shape 

of the earth's surface and the electrode configuration. The key to 

removing terrain effects is the ~eterminatlon of the correct geo-

metric factors, which in turn depends upon defining the theoretical 

electric field in the vicinity of the current electrodes. On a 

flat, homogeneous earth, the electric field is expressible as a 

simple analytic function. However, on an irregular surface, the 

electric field cannot be expressed by analytic functions and must 

therefore be computed numerically. 

An effective means of correcting resistivity data for terrain 

effects is to use a numerical terrain model to model the resistivity 

survey measurements (Fox et a1, 1980). The model is assigned a 

homogeneous resistivity of 100 ohm-meters, and the program is set 

up to calculate apparent resistivities using flat-earth geometric 
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factors. The model apparent resistivities are then used as percent 

correction factors on the original apparent resistivities calcu­

lated from the field data. For example, a model apparent resis­

tivity of 120 ohm-meters indicates that the terrain has elevated 

the potential between the measurement electrodes 20 percent above 

the corresponding flat-earth value. Thus, to remove the terrain 

effect,the measured potential or apparent resistivity is divided 

by 1.20. 

Fox et al (1980) have demonstrated the effectiveness of this 

apparent resistivity terrain-correction scheme for 2-D earth 1 s. 

Their results showed the terrain-correction method capable of 

stripping the effects of terrain from apparent resistivity data 

while not significantly disturbing the anomalies due to subsur­

face structures. Once terrain corrected, apparent resistivity 

data can, to a high degree of accuracy, be interpreted assuming 

a flat earth. Only small errors result from the distorted dis­

tances between buried structures and electrodes caused by the 

non-horizontal surface. 
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3-3 Resistivity Terrain Correction Example 

To demonstrate the 3-D resistivity terrain correction tech­

nique, we present the results of a mise-a-la-masse resistivity 

survey conducted in an area of significant topographic relief. 

The objective of the survey was to locate extensions of a highly 

conductive sulfide interval Intersected by a drl11 hole at a depth 

of 170 to 230 meters. 

The survey area topography and drill hole location are shown 

in Figure 1. The energizing current electrode was placed in 

the sulfide zone, 220 meters below the surface (Figure 3-3-2), 

and the return current electrode was placed on the surface 1300 

meters north of the drill hole. Surface electric potentials were 

measured (relative to a distant reference electrode) at some 200 

points, and an apparent resistivity contour map (Figure 3-3-3) was 

calculated from the potentials using flat earth geometric factors 

and straight line distances between electrodes. 

A fair degree of correlation is apparent between high and low 

apparent resistivity anomalies and high and low topographic features. 

An apparent resistivity anomaly high of 168 ohm-meters is centered 

on the hill just to the west of the drill hole~ and apparent resis­

tivity lows of as and 84 ohm-meters are located in topographic lows 

to the north and south of the drill hole. 

To evaluate the contribution of topography to these anomalies, 

the mise-a-la-masse survey was modeled with the 3-D terrain resis­

tivity program. Apparent resistivity model results for a uniform 
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model resistivity of 100 ohm-meters are shown in Figure 3-3-4. 

A comparison of measured (Figure 3=3=3) and model (Figure 3-3-4) 

apparent resistivities shows a rough correlation of high and low 

anomalies. The model high 119 ohm-meters (19 percent) on the 

hl11 to the west the drill hole corresponds spatially to the 

measured high of 168 ohm-meters. And the model lows of 80 and 87 

ohm-meters, north and south of the drill hole, correspond roughly 

with the measured lows of 84 and 85 ohm-meters. 

Terrain effects were stripped from the measured data by nor­

malizing the measured apparent resistivities by the model apparent 

resistivities. The resulting terrain corrected apparent resistivities 

are shown in Figure 3-3-5. 

The terrain correction produced the following changes in the 

measured apparent resistivities. The measured 85 ohm-meter low north 

of the drl11 hole has been increased to 100 ohm-meters. The measured 

high of 168 ohm-meters west of the drill hole has been reduced to 150 

ohm-meters, and the strike direction of the elongate anomaly associated 

with this 168 ohm-meter high has been changed by 30 degrees. In the 

terrain corrected data, this elongate anomaly has a distinct form 

which extends 250 meters due west and 100 meters due east of the drl11 

hole collar and is bounded to the and south by low resistivity 

anomalies of 100 and 86 ohm-meters. Overall the terrain corrected 

apparent resistivity anomalies show only a mild corre1ation with 

topography. 
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Interpretation of mise-a-la-masse apparent resistivity data is 

based on the association of high apparent resistivity anomalies with 

proximity to extensions of the conductive body contacted by the 

current electrode. A qualitative interpretation of the terrain 

corrected apparent resistivities based on this principle is shown 

in Figure 3-3-6. The shape of the elongate high anomaly suggests 

the conductive body has a horizontal dimension of 350 meters and 

an east-west strike direction. The narrow width (150 meters) of 

the anomaly indicates the top of the conductive body is no deeper 

than about 75 meters. The available geologic data also suggest the 

body is thin (a few meters thick), tabular and steeply dipping to 

the north. 

59 



3=4 Terrain-Correction Technique for Magnetometric Resistivity Data 

By definition a homogeneous earth with an arbitrary surface 

will not produce an MMR anomaly. True MMR anomalies can result only 

from inhomogeneities imbedded in the earth. However, false anoma1 ies 

or terrain effects will be observed when measurements taken over 

irregular terrain are reduced using flat-earth normal (primary) 

magnetic fields. 

In the general case, the MMR anomaly is given by 

(3-4-1) 

where Ba is the anomalous part of the c component of magnetic field, c 

B~ is the measured c component, and B~ is the theoretical c component 

for a homogeneous earth. 

Essential to the removal of MMR terrain effects is the deter-

n mlnation of the true value for the normal magnetic field B at each c 

measurement location. When a flat homogeneous earth is assumed, the 

normal magnetic field is a simple analytic function. However, the 

normal magnetic field on an arbitrary surface cannot be represented 

by an analytic function and therefore must be computed numerically. 

Removal of MMR terrain effects is accomplished by using a numerical 

terrain model to calculate the normal magnetic field for a homogen-

eous earth at each measurement location. Equation (3-4-1) is then 

used to find the anomalous field. The magnetic field due to current 

flow in cables connecting the electrodes to the current transmitter 

Is included in the data reduction as a separate calculation. This 
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calculation~ based on the Biot-Savart Law? requires accurate defini­

tion of the path of the current carrying cables over the terrain. 

The terrain corrected MMR data will more accurately show the response 

of the subsurface resistivity structure, making qualitative and 

quantitative interpretations more valid. 

It should be understood that this type of topographic correc­

tion serves only to remove the effect of current flow within the 

terrain and does not reduce the measurements to a horizontal plane. 

Where it is considered necessary~ terrain corrected MMR measurements 

may be reduced to a horizontal plane using an approach developed by 

Bhattacharyya and.Chan (1977). Although their technique was origin­

ally developed for the reduction of conventional magnetic data~ it 

may be applied without modification to 3-D MMR data. It is the 

author's experience that the reduction of MMR data to a horizontal 

surface is of secondary importance compared to applying the basic 

terrain correction. Thus, terrain corrected data can usually be 

interpreted ignoring the elevation differences of the measurement 

stations or by treating the effects qualitatively. 
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5 Magnetometric Resistivity Terrain Correction Example 

To illustrate the application of the MMR terrain correction, 

we present the results of an MMR survey conducted In an area having 

substantial topographic relief. This survey was carried out over 

the same ground and in search of the same target described in the 

resistivity terrain correction example. Again, the objective was 

to search for lateral extensions of a highly conductive sulfide 

zone intersected in a drill hole. 

Figures 3-5-1 and 3- 2, respectively, show plan and section 

views of the terrain and drill hole with current electrodes and 

intersected sulfide zone. Placing the return (or negative) cur­

rent electrode at the bottom of the drill hole, rather than at a 

point on the surface, eliminates some of the difficulties associ­

ated with making magnetic field measurements near a current carry­

ing wire. The pair of wires in the upper 220 meters of the drill 

hole carry currents flowing in opposing directions and therefore 

in combination produce no measurable magnetic fleld. Only the sec­

tion of wire between 220 and 1000 meters must be considered when 

correcting the measured magnetic fields for effects of the wire. 

Another advantage of this down-hole electrode configuration 

results from the near cancellation of the primary magnetic fields 

of current sources and wires. It can be shown that no magnetic 

field is produced on or above the surface when a current electrode 

pair with associated current carrying cables is placed in a vertical 

drill hole in a homogeneous half-space. In situations where the 
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surface has relief and the drill hole is a few degrees off from 

vertical, as is the case for this survey, only a partial cancel­

lation of primary magnetic fields results. 

In this survey, the two horizontal magnetic field components 

were measured at each station while the transmitter supplied the 

electrodes with a low frequency (3 Hz) squarewave current of 2 

amperes. The measured fields, normalized by transmitter current 

strength. are plotted as vectors in Figure 3=5-3, and show a 

maximum strength of 105 mill igammas per ampere. 

To evaluate the contribution of terrain to the measured mag­

netic fields, computer models were run for both the actual topo­

graphy and a half-space. Figure shows the central portion 

(41 X 41 elements} of the 61 X 61 element terrain model surface. 

The terrain model horizontal magnetic fields due to topography, 

current sources. and current carrying wires (Figure 3=5-4) have a 

maximum strength of 56 mill igammas per ampere. In contrast, the 

hal space horizontal fields (Figure 3=5=5) for an identical elec­

trode and wire configuration have a maximum strength of only 19 

mill !gammas per ampere, approximately one-third the maximum pro­

duced by the terrain model. 

The standard MMR data reduction method subtracts the half-space 

fields from the measured fields to remove the effects of current 

flow in the earth and wires. In this case, the half-space fields 

are of relatively low strength (about 18 percent) compared to the 
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measured fields so that their subtraction produces 1 ittle change in 

the measured fields. 

In contrast, the MMR terrain correction technique subtracts the 

terrain model fields (Figure 3~5-4) from the measured fields (Figure 

3=5=3) to create terrain corrected magnetic fields (Figure 3-S-6). In 

this case, the correction is relatively large, averaging roughly 50 

percent of the measured field values. The effect of this correc-

tion on the measured fields is most noticeable in the areas to the 

north and south of the drill hole. 

The terrain corrected magnetic fields can be interpreted qual i­

tative1y by identifying the magnetic field patterns produced by 

zones of concentrated current flow. Specifically, a lateral ex= 

tension of the highly conductive zone intersected in the drill hole 

would provide a major channel for current flow from the positive 

electrode and would be indicated in the surface data by an area of 

clockwise (relative to the drill hole collar) horizontal vectors, 

via the right hand rule for magnetic fields. At the other extreme, 

resistive rock units would reduce current flow and would be indicated 

by counterclockwise field vectors. Since the terrain corrected fields 

must consistent with Ampere 1 s law applied to integration paths 

around the drill hole, areas of counterclockwise and clockwise vee= 

tors will have equivalent weights. (This is strictly true over 

irregular terrain only if the vertical field is included in the 

integration.) 
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An interpretation of the terrain corrected fields based on 

these principles Is given In Figure 7. In this figure, the 

magnetic fields indicate two broad zones of relatively high resis­

tivities to the north and south of the drill hole. Sandwiched 

between these resistive zones are two narrow conductive zones, 

(possibly the sulfide body) extending roughly east and west of the 

drill hole. The sparse data coverage obtained over these conductive 

zones does not allow accurate definition of their extent and depth. 

However, the terrain corrected mise-a-la-masse resistivity data is 

in general agreement with this interpretation. 

The MMR terrain correction has improved our ability to resolve 

the resistive and conductive zones. The uncorrected measured data 

(Figure 3-5-3) over-emphasize the northern resistive zone and show 

no evidence of the southern resistive zone or of the conductive 

zones to the east and west. 
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3-6 Analysis of the Numerical Model Solution for the Terrain 

Correction Example 

The calculation of magnetic fields for the terrain model in 

the previous section depended upon flrst solving for the intermediate 

model parameters of surface charge density, electric potential, 

electric fields, and the individual contributions to the magnetic 

field produced by current flow in the wires and current flow in the 

earth. This section examines these intermediate model solutions 

with the aim of clarifying their role in the calculation of the 

final magnetic field results. 

The model surface used in the terrain correction example is 

composed of an equispaced 61 x 61 element surface grid. A contour 

plot of this surface is given in Figure 3-6-1. Note that there is 

no tapering of the edges of the model surface. 

Since this model included down-hole current electrodes, current 

source images were positioned above the surface (Figure 3-6-2) to 

reduce the charge density on the surface. The exact location of 

these images is unimportant to the final model solutions, since the 

surface charge distribution adjusts itself to maintain the correct 

boundary conditions. In this case, the images were given horizontal 

coordinates identical to their associated down hole current elec­

trodes and elevations above the drill hole collar equivalent to 

the depth of the electrodes below the collar. The images were 

assigned amplitudes and polarities equal to the corresponding 

down hole current sources. 
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A stable solution for charge density on the surface elements 

(Figure 3-6-3) was obtained in two iterations. A third iteration 

produced changes in the model 8 s electric and magnetic field results 

of less than 0.2 percent. The detailed variation of charge density 

in the central one-third of the model can be studied from the en­

largement of this 21 x 21 element area given in Figure 3-6-4. 

The total electric potential on the model surface (relative to 

a reference electrode at infinity), shown in Figure 3-6-5, is com­

posed of contributions produced by the surface charge distribution 

and the current sources and images. The percentage of the total 

potential solution due to surface charge, shown in Figure 3-6-6, 

ranges between -28 and +11 percent. The remainder of the potential 

solution is due, in roughly equal proportions, to the current sources 

and to their images. Had current source images not been used in 

this model, the contribution of surface charge to the potential 

solution would have been raised to the 60 percent level. 

Whereas it is difficult to see relationships between the 

equipotential lines in Figure 3-6-5 and the model topography, con­

version of the electric potential data to apparent resistivities 

(Figure 3-6-7) using flat earth geometric factors makes this rela­

tionship readily apparent. There is a general correlation of 

apparent resistivity highs and lows with respective topographic highs 

and lows. In terms of percentages, the apparent resistivities 

and potentials have been distorted by the terrain by as much as 

+19 to -22 percent. 
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Magnetic fields measured in an MMR survey can be separated 

Into twa parts: Oflelds due to current flaw In the insulated wires 

which connect the current transmitter to the current electrodes and ~ 

fields due to current f1ow within the earth. Since the layout of 

the current carrying wire~ is known, their contribution to the 

magnetic field may be determined at any location through the Biot­

Savart Law (Appendix I 1). Figures 3-6-8 and 3-6-9, respectively, shaw 

the model calculated horizontal and vertical surface magnetic field 

vectors created by current flow in the wire in the drill hole. 

Note the slightly skewed, counterclockwise, circular pattern in 

the horizontal field and the straight line farmed by the zero field 

contour of the vertical component. 

The terrain model determines the magnetic fields due to cur­

rent flow in the earth by evaluating a surface integral involving 

only surface electric fields and terrain slopes. Figures 3-6-10 

and 3-6-11, respectively,show horizontal and vertical fields calcu­

lated by this method. The total magnetic field on the model surface, 

Figures 3-6-12 and 3-6-13, is found by summing the fields produced 

by current flow in the wire and in the earth. The horizontal field 

vectors in Figures 3-6-12 are reduced to their x (north) and y (east) 

components in Figures 3-6-14 and 3-6-15. 

verify that the surface of the model under study has been 

represented with an adequate density of surface elements and that 

the resulting field solutions are stable, a second model was run 
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using the same terrain represented by 30 percent fewer elements (i.e.~ 

51 x 51 elements). Figures 16 and 3-6-17, respectively, show the 

apparent resistivity and magnetic field x component data for this 

lower element density model. A comparison of these figures with 

their respective counterparts for the 61 x 61 element model in 

(Figures 3-6-7 and 3-6-14) shows the solutions to be in excellent 

agreement. Differences in the apparent resistivity data (and hence 

the potentials they were derived from) is everywhere less than 0.5 

percent. Differences in the x component magnetic fields are less 

than 1.5 percent relative to the total horizontal ,field due to 

current flow in the earth. Part of this 1.5 percent disagreement 

can be attributed to shifting of field evaluation points due to the 

change in surface grid density. 

It is instructive to compare the magnetic field patterns of 

the terrain model, Figure 3-6-18, with model results obtained for 

a flat horizontal surface, Figure 3-6-19, and a flat dipping surface, 

Figure 3-6-20, all employing identical configurations of current 

electrodes and wires. These figures show combined plots of horizon= 

tal field vectors and vertical magnetic field contours and are pre­

sented at the same horizontal scale. The flat horizontal model sur­

face has a maximum horizontal field strength of only 19 milllgammas/ 

amp compared to a maximum of 56 mi11igammas/amp for the terrain 

model. However, the dipping model surface, which was given a dip 

similar to the terrain model topography near the drill hole collar, 

has field strengths and patterns very similar to the terrain model 
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results for the area near the dri 11 hole collar. Similarities can 

also be seen in the positions of the zero crossings of the vertical 

magnetic field contours for the dipping surface and terrain models. 

All of this suggests that the average dip of the surface in the 

vicinity of the current electrodes has substantial influence on 

the measured magnetic fields. 
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3-7 Terrain Fea res in Uni 

Modeling the electrical response of terrain features in uniform 

primary electric fields has relevance to the telluric method and to 

situations where electrical resistivity and magnetometric resistivity 

measurements are made at distances from the current electrodes which 

are large compared to anomaly wave lengths. It should be noted, 

however, that direct current modeling of electromagnetically induced 

telluric fields is an approximation. 

Uniform primary electric fields were created in the terrain 

models by locating a current source a large distance outside the 

main model area. Two 41 x 41 surface element terrain features were 

modeled: a 2=0 ridge with 30 degree slopes, Figure 3-7-1, and a 

3=0 hl11 with 20 degree slopes, Figure 3-7-3. 

The electric potential and magnetic field patterns over the 

terrain features are featureless because the terrain effect anomalies 

are super-imposed on the much larger background primary field created 

by the distant current source. This loss of anomaly resolution is a 

consequence of the rapid 1/r2 decrease in the anomaly inducing pri­

mary electric field relative to the slower 1/r fall off of the 

primary electric potential and magnetic fields. In contrast, electric 

field anomalies are resolvable in the background primary electric 

field because they are induced in direct proportion to the primary 

electric field strength. 

Figures 3-7-2 and 3-7-4, respectively, show the percentage change 

in the surface electric field x component relative to the primary 
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electric field for the 2-D ridge and 3-D hi11 models. (The effect 

of the finite strike length of the 2-D ridge can be seen at the 

edges of the electric field solution as a loss of the 2-D character 

of the contours. However. a few model elements away from the edges~ 

the solution becomes highly two dimensional.) As one might expect, 

the maximum reductions in electric field strength, 62 and 39 percent, 

occurred at the respective crests of the ridge and hill • while the 

maximum increases of 40 and 25 percent were located in narrow zones 

at the bases of the ridge and hill. 

72 



3-8 Magnetometric Resistivity and Electrical Resistivity Terrain 

Effects Over Two- and Three-D i mens i ona 1 Features 

The author has studied terrain effect magnetometric resistivity 

and electrical resistivity anomalies by investigating several basic 

two-and three-dimensional terrain features: a valley, ridge, hill, 

and sink. Homogeneous intrinsic resistivities of 100 ohm-meters were 

used for all models; terrain slope angles were set to 10, 20,and 30 

degrees; and the current source was alternately placed at the crest, 

base,and mid-flank of each terrain feature. Apparent resistivity 

(pole-pole) and percent magnetic field anomalies were computed over 

the model surfaces, and the results contoured. The model results 

are presented in a format similar to that used for MMR and mise-a-la­

masse surveys employing distant potential reference and current 

return electrodes and hence may be used directly as terrain effect 

interpretive aids for these survey methods. 

Figures 3-8-1 through 3-8-8 show plan and section views of the 

eight terrain features modeled. Each terrain feature was modeled 

with an equispaced 41 x 41 grid of surface elements and given a 

homogeneous model resistivity of 100 ohm-meters. The models and 

model results are identified by case labels (e.g., R-SA10-IB) en­

coded in the following way: the first letter represents the type 

of terrain feature: R for ridge (2-D), V for valley (2-D), M for 

mound or hill (3-D), and S for sink (3-D). The letters SA are 

followed by the slope angle of the terrain feature in degrees. The 

final pair of letters Indicates current electrode position A, B, or 
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C for crest, mid-flank,or base of the terrain feature, respectively. 

Table 3-8-1 lists the 16 models run for this study. 

A word of caution: since finite length features were used to 

represent the two-dimensional surfaces, solution accuracy is degraded 

near the edges of these features. 
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TERRAIN MODEL CASES 

TERRAIN SLOPE CURRENT 
TYPE (DEGREES) ELECTRODE 

R SA10 IB 

R SA20 IA 

R SA20 IB 

R SA20 IC 

R SA30 IB 

v SA20 IA 

v SA20 IB 

v SA20 IC 

M SA10 IB 

M SA20 IA 

M SA20 IB 

M SA20 IC 

M SA30 IB 

s SA20 IA 

s SA20 IB 

s SA20 IC 

TERRAIN TYPES: R. RIDGE 2-D 

v VALLEY 2-D 

M HILL 3-D 

s SINK 3-D 

TABLE 3-8-1 



3-8.1 Apparent Resistivity Model Results 

Figures 3-8-9 through 3-8-24 show the resistivity model results 

for the pole-pole electrode configuration. The potential reference 

and current return electrodes are at infinity. Apparent resistivities 

are calculated at the center of each surface element using flat earth 

geometric factors and straight line distances between current and 

potential electrodes. Since the homogeneous background resistivity 

is 100 ohm-meters,the apparent resistivity results can be easily 

converted to percent resistivity or electric potential terrain effect. 

The fundamental physical cause of terrain effects in electric 

potential fields is induced electric charge on the surface. This 

surface charge is the physical analog of the numerical integral 

equation charge solution obtained with the modeling program. Associ­

ated with the surface charge are anomalous potential fields which are 

basically the potential terrain effect. Assuming the current source 

is positive, positive surface charge elevates the electric potential 

causing anomalously high apparent resistivities; negative surface 

charge produces the opposite effect. Positive surface charge re= 

sults from electric field vectors, due principally to the current 

source (although the surface charge makes contributions), impinging 

on the underside of the surface, while negative charge results from 

vectors impinging from above the surface. With the above consider= 

ations in mind, it is not difficult to understand the relations be­

tween resistivity anomalies, surface shape, and current locations for 

the terrain models in this suite. 
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Table 3-8-2 lists the high and low apparent resistivity anom­

alies produced for each of the model cases. 

A review of the model results revealed the following: 
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1) The models show a general correlation of apparent resistivity highs 

with convex surfaces (e.g., tops of hills and ridges) and an associa­

tion of resistivity lows with concave surfaces (e.g., sinks, valleys. 

and near the bases of hills and ridges). 

2) rrain features with slope angles as small as 10 degrees produce 

resistivity terrain effects exceeding 10 percent (e.g., Case M-SA10-IB 

has 17 percent anomaly). The maximum anomaly produced for 30 degree 

slope angles was 68 percent, Case M-SA30-IB. 

3) The magnitude of the anomaly patterns for a given topographic shape 

bear an approximate 1 inear relation to the terrain feature 1 s height. 

4) The anomalies on the 3-D hills are 30 to 60 percent larger than the 

corresponding 2-D ridge models with identical slope angles, suggest­

ing that 3-D terrain may, in general • cause more severe terrain ef­

fects than 2-D terrain. However, the two depression terrain forms, 

the 2-D valley and 3-D sink, do not produce resistivity anomalies 

which differ significantly. 

In an actual survey. the significance of these terrain effect 

anomalies depends on the amplitude of the anomalies one wishes to 

resolve in measured data. In the majority of resistivity surveys, a 

10 percent terrain effect would not significantly alter interpreta­

tion of the data. However, where terrain effects exceed 20 percent, 
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TERRAIN MODEL 

APPARENT RESISTIVITY MAXIMA AND MINIMA 

OHM-METERS 
CASE MAX MIN 

R-SAlO=IB 113 95 

R=SA20-IA 118 100 

R-SA20-IB 127 90 

R=SA20-IC 116 92 

R-SA30-IB 143 86 

V-SA20-IA 100 85 

V-SA20-IB 112 

V-SA20-IC 110 84 

M-SAlO-IB 117 97 

M-SA20-IA 129 102 

M-SA20-IB 139 94 

M-SA20=IC 122 92 

M-SA30-IB 168 92 

S=SA20=IA 100 81 

S-SA20=IB 108 76 

S-SA20-IC 108 84 

TABLE 3-8-2 



as they do on models with slopes of 20 degrees or more, appl icatlon 

of the resistivity terrain correction scheme described in section 

2 should improve the accuracy of the interpretation. 
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3-8.2 Magnetic Field Model Results 

Magnetic field anomalies on the surfaces of the terrain features 

(Figures 3-8-25 through 3-8-72)were computed as percent magnetic field 

1 • spa • h f 11 • · anoma 1es, , us1ng t e o owtng equatton 
c 

where 

BN(~) : ~ is the total normal (half-space) magnetic field, 
~~r 

A 

r ~xi + yj is the horizontal distance from the current 

source I, and 

C ~ x, y, or z component. 

The sign of the contoured magnetic field anomaly Bpa defines 
c 

the polarity of anomalous field rather than an increase or decrease 

in field strength relative to the total normal field BN. Positive 

vertical magnetic field anomalies denote vectors pointing into the 

figures. Since the contoured magnetic anoma1 ies are derived from 

fields calculated at every other model grid point, the contours may 

not accurately represent extreme variations in the fields at certain 

locations. Table 3-8-3 lists the maximum percent magnetic field 

anoma1 ies produced for each of the model cases. 

The magnetic field model results do not indicate a simple 

relationship between topographic highs and lows, but rather a com-

plex relationship involving terrain slopes and the surface electric 

field vectors. However, for a given topographic form, there is an 
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TERRAIN MODEL 

MAXIMUM PERCENT MAGNETIC FIELD ANOMALIES 

CASE Bx By Bz 

R=SA10-IB 5.4 6.6 15,0 

R-SA20=IA 11.9 14.5 14.6 

R-SA20-IB 10.0 14.7 30.3 

R-SA20-IC 10.2 22.5 19.0 

R-SA30-IB 15.5 24.7 45.0 

V-SA20-IA 13.2 21.5 10.3 

V-SA20-IB 12.5 15.8 30. 1 

V-SA20-IC 6.2 14.8 22.3 

M-SA10-IB 10.4 9.9 14.0 

M-SA20=IA 25.0 25.0 o.o 

M-SA20-IB 23. 1 21.4 28.0 

M-SA20-IC 9. 1 18.7 18.2 

M-SA30-IB 40. 1 36.5 41.9 

S-SA20-IA 27. 1 27. 1 o.o 

S-SA20=IB 19. 1 19.2 27.6 

S=SA20-IC 8.3 7.7 21.0 

TABLE 3-8-3 



approximate linear relation between the amplitude of the anomaly 

patterns {in all field components) and the terrain feature 1 s 

height. Terrain features with slope angles as small as 10 degrees 

produce maximum magnetic field anomalies ranging from 5 to 15 per­

cent. In the model suite, maximum x component anomalies range 

between 5.4 (Case R-SAlO-IB) and 40 percent (Case M-SA30-IB); y 

component anomalies between 6.6 (Case R-SAlO-IB) and 36.5 percent 

se M-SA30-IB); and z component anomalies between 0.0 (Case 

M-SA30-IA) and 45 percent (Case R-SA30-IB). 

When one considers that many subsurface geologic structures 

produce maximum MMR anomalies of 30 percent or less, it is easy to 

see how uncorrected terrain effects can lead to inaccurate geophy­

sical interpretations. 
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3-9 An Approximate Method for Estimating Vertical Magnetic Field 

rra in Effects 

The full numerical solution of magnetic field terrain effects 

requires that the direct current boundary value problem be solved. 

The magnetic field components are then found by evaluating surface 

integrals involving surface electric fields and terrain slopes. 

These integrals (taken from equations 10-7 )) are given below: 

-1-!(crl-crz) fl. (E + E f ) 
s (r ~) '"' r z ':L dxdy 

X 4TI r-r I I (3-9-1) 

+1J(crl-crz) JJ 
(E f + E ) 

s <I=~) Z X X 
'"' 4TI lr-rl I dxdy y (3-9-2) 

+l.l (crl-O'z) JJ, 
(E f - E f ) 

B r I) X ':f. 'J. X dxdy 
z '"' 4TI I r-r I I (3-9-3) 

Since most of the computational effort of obtaining magnetic 

fields is expended in the solution of the surface electric fields, 

it is desirable to find schemes which speed this aspect of the com-

putations. One such scheme developed by the author gives an approxi-

mate solution to the vertical magnetic field terrain effect by sub-

stituting the easily calculated half-space electric fields for the 

true horizontal electric fields in equation (3-9-3), This approach 

produces results of reasonable accuracy due to the relation between 

electric field and slope terms in the integrand. The value of the 

integrand is controlled predominately by the terrain slopes; errors 

in the vertical magnetic field estimate will not be greater than the 
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maximum difference between the true horizontal electric fields on the 

terrain and the half-space electric fields (an amount which is usually 

10 to 20 percent). In practice, however, the averaging which re= 

sults from the integration generally produces less error. 

Figure 3-9-1 shows a comparison of vertical magnetic field 

anomalies calculated using the full numerical solution and using 

the approximate technique described above. The profile, from model 

Case R=SA30=IB, was taken perpendicular to the 2-D ridge, 4 model 

elements down strike of the current source. The approximation has 

an error which is everywhere less than 10 percent of the peak anomaly 

value. Tests on other terrain features showed similar accuracies. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

The Electrical Resistivity and Magnetometric Resistivity (MMR) 

direct current prospecting methods are powerful and highly versatile 

tools for the detection of conductivity inhomogeneities associated 

with geologic structures. Exploration geophysicists have long known 

topographic features to be the cause of misleading anomalies in these 

survey methods. However. the evaluation and correction of terrain 

effects is generally difficult, requiring the use of forward numerical 

model solutions for the electric and magnetic fields over arbitrary 

three-dimensional terrains. Until now there have been no model 

studies on the terrain effect in MMR surveys; and the available 

model studies on electrical resistivity terrain effects have been 

limited to two-dimensional topography. Hence, there is need for 

modeling techniques which enable the geophysicist to estimate and 

remove three-dimensional effects in both electrical resistivity and 

magnetometric resistivity surveys. 

This work examined the application of the integral equation 

numerical modeling technique to the estimation of 3-D topographic 

effects for homogeneous earths in the Electrical Resistivity and 

Magnetometric Resistivity geophysical prospecting methods. A new 

and fundamentally powerful technique for applying current source 

images in combination with surface charge was developed and used 
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to meet the boundary conditions on the air-earth interface. The 

integral equations required the solution of the electric and 

magnetic fields were reformed in terms of surface slopes. Veri~ 

f icat ion the accuracy of the numerical so1utions were made by 

comparisons with Independent modeling techniques. The effect of 

terrain on uniform electric fields was examined. A small suite 

of models were run to investigate resistivity and magnetometric 

resistivity terrain effects over two-and three-dimensional topographic 

features. A computationally efficient method for estimating the 

vertical magnetic fle1d was developed and demonstrated. Fina11y 9 

methods for correcting apparent resistivity and MMR data for terrain 

effects were described and demonstrated with examples using real 

fie 1 d data. 

The terrain problem is treated by modifying the standard 

integral equation method with a technique for applying images in 

combination with surface charge; the resulting integral equation is 

formulated in terms of surface charge and terrain slopes. The ter~ 

train is divided into a grid of flat plates or elements on each of 

which the charge density is assumed to be uniform. An approximate 

solution to the su integral equation is obtained using the 

11point matching 11 method to solve for the charge at the center of 

each element. The integral equation ls thus written as a set of 

simultaneous linear equations with surface charge as unknowns. This 

system of equations is easily and rapidly solved by an iterative 

approach. 
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Once the surface charge distribution has been solved, the other 

electrical parameters are easily calculated. Electric potential is 

determined from an evaluation of the potential contributions produced 

by the surface charge distribution and the current sources and images. 

Apparent resistivities are then calculated directly from the poten­

tial. Surface electric fields, which are required for the calcula­

tion of the magnetic field, are determined by adding electric fields 

produced by the sources and images to the electric field due to the 

surface charge distribution. Finally, the magnetic field is found 

by evaluating a surface integral equation involving terrain slopes 

and surface electric fields; an approximate separation of primary 

and secondary magnetic fields is used to reduce problems created by 

electric field singularities and the finite area of the model. 

The new technique for applying current source images in combin­

ation with surface charges is directed at treating the extreme vari­

ations in surface charge density associated with buried or down hole 

current sources. The technique eliminates these extreme charge 

variations by the placement of a current source image above the 

surface opposite the current source. In this way.the current source 

and image provide a first order solution to the surface boundary 

conditions,while surface charge handles the higher order detail of 

the so1ution. Since the resulting surface charge distribution is 

much more slowly varying than it would have been without the image, 

it may be represented accurately on a coarse model grid with a simple 
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basis function. 

This thesis has shown that the integral equation numerical 

modeling technique can be efficiently used to treat real istlcally 

complex three-dimensional topography for both the resistivity and 

magnetometrlc resistivity methods. Generally requiring only 2 to 

3 iterations for adequate solution convergence, the Iterative solu­

tion of the surface integral equation is a rapid means of obtaining 

the charge on the model surface. Since it is necessary to solve for 

surface charge for each current electrode configuration used, the 

iterative solution approach is best suited to the modeling of the 

mise-a-la-masse and MMR methods, which typically employ a small 

number of current electrode locations and a large number of field 

observation locations. 

Computer requirements for the terrain program are not excessive 

given the complexity of the terrain problem. On a CDC 7600 series 

computer, a typical 41 x 41 element model with a single current 

electrode arrangement requires approximately 60 seconds to compute 

potentials and resistivities at all surface elements, and an addi­

tional 20 seconds to compute vector magnetic fields at one-fourth 

of the surface elements. The required core or direct access data 

storage ranges between 6 to 12 times the number of model surface 

elements, depending on the choice of trade-offs made between data 

storage requirements and program execution time. 

The basic drawback of all integral equation formulations for 

electric potential is that the solution is poorly behaved at sharp 
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corners in the model surface, making it necessary to smooth the 

corners and increase the density of surface elements in those areas. 

Consequently, where surface current electrodes are modeled, care 

must be taken to smooth the surface near these electrodes. Sub­

surface current sources two or more model elements deep, however, 

may be used without special treatment of the surface. The new 

technique of applying current source images in combination with 

surface charge has greatly reduced the surface element density 

requirements on the model surface above these buried current sources. 

The fundamental physical cause of electric potential terrain 

effects is induced electric surface charges. This surface charge is 

the physical analog of the numerical integral equation charge solu­

tion obtained with the modeling program. The application of flat 

earth data reduction procedures to resistivity and MMR measurements 

acquired over irregular terrain ignores these anomalous surface 

charge accumulations and hence causes terrain effect anomalies. 

When correctly calculated, the measured apparent resistivity of 

a homogeneous earth will always be equal to the earth's intrinsic 

resistivity; terrain effects result simply from the application of 

inappropriate geometric factors in computing the apparent resistivity. 

A simple procedure for removing terrain effects from existing 

apparent resistivity data consists of using the resistivity terrain 

effect program to model the survey, assigning a homogeneous resis­

tivity of 1 ohm-meter to the model, and calculating model apparent 

resistivities using flat-earth geometric factors. The model apparent 
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resistivities are then divided into the field measured apparent 

resistivity values to remove the terrain effects. Fox et al 

(1980) have shown this terrain correction scheme to be effective 

in stripping the terrain effects from 2-D apparent resistivity data 

while not significantly altering the anomalies due to subsurface 

structures. Once terrain corrected, apparent resistivity data can be 

interpreted assuming a flat earth. Only small errors result from 

the distortion of distances between burl 

caused by the irregular surface. 

bodies and electrodes 

In this thesis, the terrain correction scheme was successfully 

applied to a set of mise-a-la-masse apparent resistivity data acquired 

in an area of rugged three-dimensional terrain. 

By definition a homogeneous earth with arbitrary topography 

will not produce an MMR anomaly. True MMR anomalies result only 

from inhomogeneities imbedded in the earth. However, terrain effect 

anomalies result when measurements taken over irregular terrain are 

reduced by subtracting half-space normal (primary) magnetic fields 

rather than the true normal magnetic fields for the area under study. 

The normal magnetic field is the theoretical magnetic field which 

would be observed over the survey area if the earth was of homo­

geneous resistivity. 

Removal of MMR topographic effects is accomplished by using 

the numerical terrain model to calculate the normal magnetic fields 

for a homogeneous earth at each field measurement location. The 
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model fields are then subtracted from the measured fields to give the 

terrain corrected anomalous fields. Compensation for the magnetic 

fields caused by current flow in the cables connecting the electrodes 

to the current transmitter is included in the data reduction as a 

separate calculation using the Biot-Savart Law, Terrain corrected 

MMR data more accurately show the response of the subsurface resis­

tivity structures, making qualitative and quantitative interpretations 

more valid. 

Terrain effect magnetometric resistivity and electrical resis­

tivity anomalies have been studied by investigating several basic 

two- andthree-dimensiona1 terrain features: a valley, ridge, hill, 

and sink. Homogeneous intrinsic resistivities of 100 ohm-meters 

were used for all models; terrain slope angles were set to 10, 20, 

and 30 degrees; and the current source was alternately placed at 

the crest, base,and mid-flank of each terrain feature, Apparent 

resistivity (pole-pole) and percent magnetic field anomalies were 

computed over the model surfaces, and the results contoured. The 

model results are presented in a format similar to that used for 

MMR and mise-a-la-masse surveys employing distant potential refer­

ence and current return electrodes and hence may be used directly 

as terrain effect interpretive aids for these survey methods, 

These model results represent the first numerical simulation 

of magnetic field terrain effect anomalies due to direct current 

flow. The results show magnetic field terrain effects to be com­

parable in severity to electric potential terrain effects. Both 
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electric potential and magnetic field terrain effects become signi­

ficant when terrain slopes exceed 10 degrees. The maximum electric 

potential and magnetic field terrain effect anomalies observed over 

homogeneous topographic features with 10 degree slopes were 13 and 

15 percent, respectively, while topographic features with 20 degree 

slopes had respective electric potential and magnetic field anomalies 

of 27 and 30 percent. 

The terrain modeling program developed in this thesis treats 

only earth models of homogeneous electrical conductivity. However, 

a simple extension of the theory will allow the inclusion of three­

dimensional inhomogeneities. Following the technique developed in 

this thesis for the use of current source images in combination 

with surface charges 3 the approach would be to place, above the 

terrain surface, an image of the rge on the subsurface inhomo-

geneity. The image of the inhomogeneity need not be as detailed 

as its subsurface source because the image and source pair serve 

only as an approximate solution to the surface boundary conditions 

with the remainder of the solution absorbed by surface charge on 

the terrain. 

Another potential area of applIcation of the combined image 

surface charge technique occurs where a current source is placed in 

close proximity to a very highly resistive inhomogeneity. In this 

case it may be possible to reduce the variation of charge and hence 

reduce the number of model elements on the inhomogeneity by placing 

a current source image inside the body. 
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APPENDIX I 

DERIVATION OF THE INTEGRAL EQUATION FOR THE 

ELECTRIC POTENTIAL BOUNDARY VALUE PROBLEM 

This derivation is similar in many respects to the development 

of the integral equation problem as given by Pratt (1972). 

We begin with Ohm's law: 

J .,. aE , ( 1-1) 

where J .,. current density, 

a .,. conductivity, and 

E .,. electric field. 

Taking the divergence of both sides of the equation (I-1),we have 

V·J .,. 'il·(aE), ( I 

'ii·E 
il• 

or .,. 
a a 

(I= 3) 

Since E .,. -vq, 9 (I -4) 

where q, is the electric potential, we obtain 

'ii2<P 
=il•J 

=-+ a a 
(I =5) 

Equation (1-5) has the form of Poissons equation which has the 

solution 

- -'ii·J ila·E 
(4rrra - 4rrra) dV, (1-6) 

where r is the distance between the observation point for <jJ and 

the integration point. Since the strength of the current source 

I is given by 



I "" J I!· J dV ~ 
II 

equation (1-6) may be written as 

~ _ I -JI!cr·E dV 
"' - 4Ticrr 4Tiar • 

v 

Next from Maxwell's equations, we have 

- -
I! x H "" crE. 

Taking the divergence on both sides of (1-9) we obtain 

Since iJ•Ij X H = 0 ' 

we are led to 

which can be written as 

( i -7) 

(1-8) 

( 1-9) 

(1-10) 

(1=11) 

(1-12) 

(1-13) 

Next, Poisson•s equation for the electrostatic scalar potential 

in a homogeneous, isotropic medium is: 

(1-14) 

where p Is charge density and t is the permittivity of the 

medium. We may rewrite equation (1-14) as 

v·E ""E. 
€ 

Substituting (1-15) into (1-13), we obtain 

-
.e., ... -vcr·E 
t cr 

and substituting (1-16} into (1-8), we have 

I + 1 J pdV 
<P "" 4Ticrr 4TI 'tF 

v 

(1-16) 

(1-17) 
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In this thesis the gradient of the conductivity wl11 be nonzero only 

on surfaces. Thus, (1-17) becomes a surface integral 

(1-18) 

The solution of the charge density distribution function p is 

determined by a consideration of the boundary conditions at the 

surface of the body. Referring to Figure 2-3-1, the conditions 

that must be met are: 

(i) The normal component of current density must 

be continuous across all surfaces~ i.e., 

(1=19) 

(il) The difference in normal electric field across a 

surface is equal top/£. 

Using the divergence theorem on (1-lS),we obtain the following 

relation between electric fields crossing a conductivity dlscon-

tinuity. 

(E - E ) 
n1 nz 

(1-20) 

or ( 1-21) 

Substituting (1-19) into (1-21) gives us 

-fu I + an (1-22) 



99 

or d~l I = £ ( cr2 ) • 
an ~ crl ~ cr2 s 

(1-23) 

Referring again to Figure 2- 1 ~ we take the normal derivative of 

the righthand side of equation (I-18) at point P and equate the 

result to the righthand side of equation (1-23) to obtain 

This is a Freldholm integral equation of the second kind. 

Note that the equation has the units of electric field strength. 

We next evaluate the singularity in the integral. The inte-

grand gives the electric field at P due to charge at M. Recog-

nizing this,we may evaluate the singularity by determining the 

electric field at M due to cha at M. Referring back to boundary 

condition (ii) and equatlon (1-20) 1 we have 

(1-25) 

The electric field due to the charge at the singularity is 

symmetric about the surface. Thus, 

(1-26) 

and 

(1-27) 

Equation (1-27) gives the value of the singularity as: 

(1~28) 
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By removing the singularity from the integral in equation (1=24) 9 

we obtain 

(1-29) 

where the prime on s indicates that the singularity at P is not 



APPENDIX I I 

MAGNETIC FIELD OF A FINITE CURRENT FILAMENT 

The magnetic field produced by current flow in an arbitrarily 

oriented, straight length of insulated wire, can be found by apply-

ing the Biot-Savart Law. 

If, as shown in Figure I 1-1, a current of strength I flows . 
in a straight wire from P1 to P2 the magnitude of the magnetic 

field at P0 can be shown to be given by 

To express this magnetic field as a vector in rectangular coordi-

nates, we use the following relations: 

Po "" (xo, Yo, zo) 

pl "" (xl, Y1, z1) 

Pz "" (xz, Y2, z:z.> 

Rl "" IP1 fi o I "" v'(xl-xoF + {yl-YoP + ~zl-zo F 

pl2 ... lii1 Pzl ... dx1-xzF + (yl-Y2 )2 + {zl-z2 F 

COS$1 "" (x~-xo) (xl-x2) + (yl-YQ) (yl-}!2) + (zl-zo) (zl-z2) 
R1 pl2 

SIN$ "" -11 - cos 2
q,1 

R2= Pz - Pol ""v'(x2-xo) 2 + (y2-yo} 2 + {z2-zo) 2 

(x2-xo) (xl-x2) + (y2-yo) (yl-}!2) + (z2-zo) (zl-z2) 
COS$ 2 "" RzP12 

1 01 
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The unit vector u perpendicular to the plane containing vectors 

P12 and R1 is given by 

" u 
u "" 1Pl2 X !hi ~ 

- = 
where u "" Pu x R1 ' 

A 

[{yz -yl) (zl-zo) (z2=zd (yl=yo)] u "" l -
X 

and 

uy "" -J[(x2-xl) (zl-zo) - (zz-zl) (xl-xa)] 

u "" k [(xz-xl)(yl-yo) - (yz-yl) (xl=Xo)] z 

L "" I fiu X Rl "" lu2 + uz + uz 
X y z 

u 
X u "" Then 

X 

u 
u ,...:L 

y L 

u z u =-
z L 

And finally~ 

B , (lu +~u +ku ) ~I(COSpz=COSpl) 
X J y z 4~RlSIN~l ( 11-2) 

The magnetic field of a curved wire is found by approximating 

the curved path of the wire with a number of straight wire segments 

and summing the fields produced by each segment. 



APPENDIX I I I 

DERIVATION OF THE MODIFIED BIOT=SAVART 

LAW FOR SOLENOIDAL CURRENT FLOW 

The following development of an integral equation for the 

magnetic field in terms of the cross product of electric field 

and gradient of conductivity follows that of Edwards et al (1978). 

The magnetic field B(r) external to a volume V containing a 

distribution of current J(r') may be written as 

Applying the vector identity 

~~ X (¢A) = ~~~ X A - A X ~~~ ' 

where A is a vector and ~ a 

Adv' =jn x Ads' 

s 

scalar, and Stokes theorem, 

(I I 1-1) 

(I 11=2) 

( l I I= 3) 

where s is the surface bounding the volume v and n(r') is the 

unit vector outward normal to S, the magnetic field may be 

rewritten in the form 

Consider the volume V to be the hal space z>O, on and 

beneath the surface of the earth, where the current density j(r') is 

generated by flow from a current electrode in V. 
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The boundaries of the surface S are selected to be a plane 

just above the earth's surface and a hemisphere of large radius R 

which in the limit completely encloses V. The surface integral 

over S vanishes on the plane boundary where J = 0; it also van­

ishes on the hemispherical surface provided that J(r) falls off 

at a rate greater than 1/R. Whence, 

s(r) ~ " ~ ~· X j(~') 
1iTr I i"=F' I 

v 

dV' . ( I I I 

Everywhere within the earth, we define an electric potential 

~(r') related to current density through the local conductivity 

cr(r') by 

J(r') = -cr(r')v'~(r'). ( 111=6) 

Using the vector identity (I 11-2) and observing that 

V' x V'~- 0, we obtain 

(II I =7) 

When the conductivity changes only across surfaces, equation (I I 1=7) 

(Ill =8) 
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APPENDIX IV 

TERRAIN PROGRAM LISTING 
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c 

0~&~~ VERSION 1.0 9 SEPT !979 m&mmm 
e~m~• lAST MOOlflCAflON 23 MARCH 1982 mm••• 

AUTHOR GARY l. OPPliGER 
ENGINEERING GEOSCIENCE DEPT. 
UNIV. Of CAl!f. BERKELEY 

PURPOSE CALCULATES ELECTRIC POTENTIAL• RESISTIVITY• AND MAGNETIC 
fiELDS DUE TO DIRECT CURRENT fLOW I~ AN EARTH WITH 
ARSITRARV 3QD TOPOGRAPHY AND UNifORM CONDUCTIVITY. 

REfERENCE OPPLIGER• G. L •• 1982• THREE@OIHENSlONAL TERRAIN EffECTS 
IN ELECTRICAL ANO HAGNETOMETRIC RESISTIVITY SURVEYS: PH.D. 
THESIS• UNIVERSITY Of CALifORNIA• BERKELEY. 

NUMERICAL TECHNIQUE 
THE SURFACE CHARGE INTEGRAL EQUATION TECHNIQUE IS USED 
TO SOLVE THE DIRECT CURRENT BOUNDARY PROBLEM ANn OBTAIN 
SOLUTIONS fOR ELECTRIC POTENTIAL AND ELECTRIC fiELDS. 
MAGNETIC fiELDS ARE FOUND BY EVALU~IING A SURFACE INTEGRAL 
INVOLVING SURfACE ELECTRIC FIELDS AND SURfACE SLOPES. 

UNITS Of CALCULATED fiELDS 
POTENTIAL 
APPARENT RESISTIVITY 
MAGNETIC fiELD 

VOLTS 
OHMsHETERS 
MllllGAMMAS 

DESCRIPTION Of PARAMETER CARD~ 

C PARAMETER 
C NAME 
c 
C NPl 
c 
c 
c 
c 
C NT 
c 
c 
c 
c 
C NP!N 
c 
c 
c 
c 
c 
C MTIME 
c 
c 
c 
C NPUO 
c 
c 
c 
c 

FIELD fORMAT 

COL 7e10 INTEGER 
SPECifiES ROW AND COL SIZE Of THE MAIN MODEL GRID AREA. 
NPL CANNOT BE LARGER THAN THE NeN ARRAY SIZE DEfiNED BY 
DIMENSION STATEMENTS. A TYPICAL VALUE fOR NPL IS ~l. 

CCL 11~zo INTEGER 
~PEC!f!ES RO~ AND COL DIMENSION Of THE OUTER SURfACE GRID 
SURROUNDING THE MAIN MODEL GR!O.CTH!S OUTER SURfACE IS USED 
ONLY fOR SURfACE CHARGE.) A TYPICAL VALUE fOR NT IS ZO. 

COL zr~3o INTEGER 
SPECIFIES THE NUMBER Of ROWS CANO COLS> Of THE OUTER GRID 
WHICH ARE CONTAI~EO wiTHIN THE ~AIN MODEl GRIO. 
Q0oNOTE••• (NT-NP!N) MUST BE AN EVEN INTEGER. A TYPICAL 
VALUE fOR NPIN IS 6. 

COL 37-40 INTEGER 
SPECifiES THE NUMAER OF TIMES THE SUHfAC£ CHARGE SOLUTION 
!S RELAXED. TYPICAL VALUES fOR MTIME ARE Z AND 3. 

COL 47e5Q INTEGER 
CONTROLS CREATION Of PUNCHED CARD OUTPUT or SURfACE CHARGE 
SOLUTION. NPUQ = 0 fOR NO PUNCHED CARDS 

NPUO a 1 fOR PUNCHED CARDS 
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C fLATl 
c 
c 
c 
c 
c 
c 
C EfLATZ 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
C PARAMETER 
C NAME 
c 
C NSRC 
c 
c 
c 
C NSRCIM 
c 
c 
c 
C NSEG 
c 
c 
c 
C SCALE 
c 
c 
C SIGMA 
c 
c 
C ffMT 
c 
c 
c 
c 
c 
C ATTN 
c 
c 
c 
c 
c 
c 
c 
C PARAMETER 
C NAME 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

COL S1®60 fLOATING 
SPECifiES THE ELEVATION IN MAP UNITS (fEET OR METERS> Of 
THE HORIZONTAL SURfACE USED fOR THE SEPARATION OF HALF-SPACE 
AND TOTAL CTERRAINl MAGNETIC fiELDS. fLATl IS USUALLY SET TO 
THE HODEL SURFACE ELEVATION AT OR ABOVE THE CENTRAL OR HAIN 
CURRENT ELECTRODE. 

COL 61®10 FLOATING 
SPECifiES THE ELEVATION IN HAP UNITS OF THE HORIZONTAL OUTER 
GRID SURfACE SURROUNDING THE HAIN MODEL AREA. SURfACE CNARGE 
IS IN~UCEO ON THIS SURFACE GRID ONLY BY CURRENT SOURCES AND 
IMAGES. THE MAIN MODEL SU~FACE r.RIO SHUULD HAVE ITS 
BOUNDARIES TAPERED TO CON~ECT SMOOTHLY WITH THE OUTER 
SURfACE SPECIFIED BY EfLATZ. GRIDOIN~ Of THIS OUTER SURFACE 
IS CUNTROLLED BY PARAMETERS NT AND NP!N. 

fiElD FORMAT 

COL 7®10 INTEGER 
SPECifiES THE NUMBER OF CURRENT SOURCES (ELECTRODES) PRESENT 
IN THE MODEL· 

COL 17®20 INTEGER 
SPECifiES THE TOTAL NUMBER Of CURRENT SOURCES AND IMAGES 
USED fOR THE MODEL. 

COL Z7e30 INTEGER 
SPECIFIES THE NUMBER Of CURRENT CARRYING STRAIGHT WIRE 
SEGMENTS USED FOR THE HODEL. 

COL Jts40 fLOATING 
SPECifiES THE INTERVAL IN METERS BET~EEN HODEl GRID POINTS. 

COL 4te50 fLOATING 
SPECIFIES CONDUCTIVITY or THE EARTH HODEL IN MHOS/METER. 

COL 51=60 fLOATING 
fACTOR TO CONVERT UNITS Of All INPUT COORDINATES CEXCEPT 
MOOEL SURfACE ELEVATIONS) TO UNITS Or METERS. fOR EXAMPLE 
fTMT: 0.3048 !f COORDINATES WERE GIVEN !N fEET AND 
fTMT = 1.0 If COORDINATE WERE GIVEN IN METERS. 

COL 61e70 flOATING 
fACTOR TO CONVERT MODEL SURFACE ELEVATIONS TO METERS. 
fOR EXAMPLE• ATTN g 0.3048 If SURfACE ELEVATIONS WERE 
GIVEN IN fEET• AND ATTN : t.O If SURfACE ElEVA1IONS WERE 
GIVEN IN METERS. 

fiELD FORMAT 

COL 7-10 INTEGER 
SPEC!f!ES THE RADIUS CIN TERMS Of THE NUMBER Dr ROWS OR 
COLUMNS> Of INflUENCE OF THE SURfACE CHARGE RELAXATION 
PROCESS. THE MAXIMUM AREA Of INfLUENCE IS OBTAINED BY 
SETTING !W(l): NPL-1. THIS IS THE SAfEST VALUE FOR !W(1). 
SMALLER VALUES HAY BE SPECIFIED TO SAVE COMPUTATION TIME 
ONLY If IT CAN B£ DETERMINED THAT THE EXCLUDED DISTANT 
ELEMENTS ARE UNIMPORTANT TO THE CHARGE RELAXATION PROCESS. 

INTEGER 
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c 
c 
c 
c 
c 
c 
C lW(3) 
c 
c 
c 
C NSKPX 
C NSK~Y 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
C PARAMETER 
C NAME 
c 
C AWOW 
c 
c 
c 
c 
C RBF 
c 
c 
c 
c 
c 
C BWW 
c 
c 
c 
c 
C BANM 
c 
c 
c 
c 
C EPDT 
c 
c 
c 
C APPR 
c 
c 
c 
c 
c 
c 
c 

SPECifiES THE MAXIUM DISTANCE CIN TERMS or THE NUMBER or 
ROWS OR COLUMNS> FROM THE CENTER or THE MODEL SURFACE AT 
WHICH MAGNETIC fiELD VALUES WILL BE CAlCULATED. SET 
IW<Z> ~ CNPL-1)/2 TO CALCUlATE MAGNETIC fiELD VAlUES OVER 
THE COMPlETE MODEl GRID. 

COL 27-30 INTEGER 
CONTROlS THE EXTENT OF INTEGRATION OVER SURFACE CHARGE TO 
DETERMINE THE POTENTIAl. fOR BEST RESUlTS IW{l) $ NPl-1 • 

COL 37-40 INTEGER 
COL 47-50 INTEGER 
CONTROLS THE SKIPPING Of ROWS (NSKPX) AND COlUMNS (NSKPY) 
IN THE CAlCUlATION OF MAG~ET!C fiElDS ON THE HODEl SURfACE. 
NSKPX;l AND NSKPY~l CAUSES THE MAGNETIC fiELDS TO BE 
DETERMINED AT ALL GRID POINTS. NSKPX:Z AND NSKPY=Z CAUSES 
THE MAGNETIC FIELDS TO 9E DETERMINED AT EVERY ~TH GRID 
POINT. ETC •• 

THE PARAMETERS ON CARD ~ CONTROL THE CREATION If PRINTER• 
PlOTTER. AND PUNCHED CARD OUTPUT fOR THE CALCUlATED 
ELECTRIC AND MAGNETIC FIELD VALUES. 
DEfiNITIONS or CONTROl VALUES-

0.0 FIELDS ARE NOT CALCULATED OR OUTPUT. 
1.0 fiELDS ARE PRINTED ANO PlOTTED. 
2.0 fiELDS ARE PRINTED PlOTTED AND PUNCHED. 

fiELD 

COL 7e10 flOATING 
fOR OUTPUT Of MAGNETIC B fiELDS DUE ONLY TO CURRENT flOW 
IN THE EARTH MODEL• DOES NOT INCLUDE fiElDS DUE TO 
CURRENT flOW !N THE W!RE SEGMENTS. 

COL 17eZQ fLOATING 
FOR OUTPUT Of HILFeSPACE REDUCED MAGNETIC 6 fiELDS. I.E. 
THE ABOVE BWOW fiELDS WITH THE HALf•SPACE NORMAL fiELDS 
5UBTRACTEO. THIS IS THE A~OMALOUS MAGNETIC FIELD DUE TO 
THE TOPOGRAPHY. 

COL 27-30 flOATING 
FOR OUTPUT Of TOTAL MAGNETIC 6 F!ElO. THIS FIELD INCLUDES 
CONTRIBUTIONS DUE TO CURRENT FLOW IN THE EARTH AND !N THE 
WIRE SEGMENTS. 

COL 37e40 flOATING 
fOR OUTPUT OF THE PERCENT MAGNETIC fiELD TERRAIN ANOMALY. 
THE PERCENTAGE IS CALCULATED RELATIVE TO THE MAGNITUDE Of 
HALfsSPAC( NORMAL MAGNETIC FIELD. 

COl 47s50 flOATING 
FOR OUTPUT OF ELECTRIC POTENTIAL CALCULATED RELATIVE TO 
A REFERENCE POTENTIAl ELECTRODE AT INFINITY. 

COL 57°60 rlOAT!NG 
rOR OUTPUT Of APPARENT RESISTIVITIES CAlCUlATED RELATIVE 
TO A REfERENCE POTENTIAL ELECTRODE AT INfiNITY. THIS 
CALCULATION USES FLAT EARTH GEOMETRIC rACTGRS AND STRAIGHT 
LINE O!STANCCS BET~E£N ELECTRODES. THE RESULT IS PROPERlY 
CALLED THE TERRAIN EFrECT APPARENT RESISTIVITY ANOMALY. 
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c 
C PARAMETER 
C NAME FIELD 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

GREfX 

PARAMETER 
NAME 

COL tlszo FLOATING 
NORTHING (X) OF ORIGIN Of HODEl SURfACE GRID 
IN MAP UNITS CFEET OR METERS>. 

COL zte31 fLOATING 
EASTING (Y) OF ORIGIN or MODEL SURFACE GRID 
IN MAP UNITS (fEET OR METERS>• 

THESE PARAMETERS SPECifY THE COORDINATES AND STRENGTHS Of 
THE CURRENT SOURCES AND IMAGE SOURCES USED IN THE MODEL. 
ONE CARD IS REQUIRED fOR EACH CURRENT SOURCE OR IMAGE. 
~•NOTEme CURRENT SOURCE CARDS MUST BE GROUPED TOGETHER 

AND READ BEfORE THE !MAGE SOURCE CARDS. 

rORMAT 

SOURCE<H•l> COL 11@20 flOATING 
NORTHING OR X COORDINATE or H TH CURRENT SOURCE OR IMAGE• 
SPECIFIED IN HAP UNITS (fEET OR METERSJ. 

SOURCE£H•2> COL 21®30 fLOATING 
EASTING OR Y COORDINATE or M TH CURRENT SOURCE OR !MAGE. 
SPECifiED IN HAP UNITS (fEET OR METERS). 

SOURCECM•l> COL 31-40 FLOATING 
ELEVATION OR Z COORDINATE Of H TH CURRENT SOURCE OR IMAGE• 
IN MAP UNITS <fEET OR METERS} RELATIVE TO THE DATUM USED 
fOR THE HODEL TOPOGRAPHY. 

SOURCECH.4l COL 41-50 tLOATING 
STRENGTH AND POlARITY or CURRENT SOURCE OR IMAGE SOURCE 
SPECifiED IN AMPERES. 

TWO CARDS ARE REQUIRED TO SPECifY EACH WIRE SEGMENT. 
THE fiRST CARD IN EACH PAIR SPECifiES THE STARTING POINT Of 
THE WIRE SEGMENT• THE SECOND CARD SPECifiES THE END POINT. 
UP TO 40 WIRE SEGMENTS MAY RE SPECifiED. 
THE PROGRAM ASSUMES A POSITIVE CURRENT or WAMPCN) AMPERr.S 
fLOWS fROM THE FIRST ENO POINT. ENOP(K•l•N>• TO THE SECOND 
END POINT• E~OPCK.2.Nl• SPECifiED IN EACH CARD PAIR. 
COORDINATES APE GIVEN IN HAP UNITS (fEET OR METERS). 
THC ELEVATION IS GIVEN RELATIVE TO THE DATUM USED FOR 
THE MODEL SURFACE. 

C PARAMETER 
C NAME fiELD 
c 
c 
c 
c 
c 
c 
c 
c 

fiRST CARD IN PAIR 

ENOP(1•1•N> COL llszg FLOATING 
NORTHING OR X COORO!NATE Of STARTING lOCATION fOR THE 
N TH WIRE SEGMENT IN HAP UNITS. 

109 



e 
c 
c 

EASTING OR Y COORDINATE DF STARTING LOCATION FOR THE 
N TH WIRE SEGMENT IN MAP UNITS. 

C ENDP(l•l•N> COL 31-40 FLOATING 
C ELEVATION OR Z COORDINATE OF STARTING lOCATION FOR T~E 
C N ~~ WIRE SEGMENT !N MAP UNITS. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

e 
c 

COL 41-50 FLOATING 
CURRENT F'LOW!NG IN WIRE SEGMEIH N FROM POUlT 1 TO z. 
GIVEN IN ~~- AMPERES. 

SECOND CARD IN PAIR 

ENDPC1•2•N> COL 11-20 FLOATING 
NORTHING OR X COORDINATE Of END LOCATION fOR THE N TH 
WIRE SEGMENT IN MAP UNITS. 

ENOP{2•2•N) COL 21-30 fLOATING 
EASTING DR Y COORDINATE Of END LOCATION fOR THE N TH 
WIRE SEGMENT IN MAP UNITS. 

E~OPC3u2.N> COL ll-40 fLOATING 
ELEVATION OR Z COORDINATE Of ENO lOCATION rOR THE N TH 
WIRE SEGMENT IN MAP UNITS. 

COL 41-50 fLOATING 
CURRENT FLOWING IN WIRE SEGMENT N fROM POINT 1 TO z. 
GIVEN IN +1- AMPERES. 

c~eeee$~0e0e•eee0ae END or PARAMETER CARDS m0eeeeeeeeeeeeeeeeeeeeee 

HMR•l2.300.801077•0PPL!GER 
a HOLDOUT 
euSERf>R 
FTN4.0PT32•R32•Pl=9000o 
rETCHPS.GARYO.TAPE2.DATA15. 
FETCHPS•lDOS•ULlB•UL!BX. 
FETCHPSoGPACBNl·G~ACoSCBN. 

LINKoF=LGO.P=UL!BoF=GPAC.x. 
REWlNOoFlLM· 
CDf"i'•FlLM•FlLHl. 
REWlND.FILMoFlLMl. 
0!5POSE•FlLH1=3MoM=ME. 
D!SPDSE•tiLH=MFoM=HE. 
EX IT. 
OUHPoO. 

PROGRAM MTOPOCF!LMoTAPE2o0UfPUT.PUNCH•TAPE&=OUTPUT.TAPE8=PUNCHJ 
COM~ON/IGSZZZIZ<200l 
DIMENSION OAT(4lo4l l.OATYC41.41loENOPC3.2.40».WAMPC4Cl.AA(3) 
DIMENSION ELVC41•4ll•F'XC41.41)orYC4Io4l>•PrNC4lo4l)•Q(41o4!> 
D!MCNS!ON PRYOC41•4l>•PDTC4lo4ll•EXC4lo4l>•EY(41•4l)eEZC41•41) 
DIMENSION 8F'LOC41.4l•ll.UX<4Io4l>•HH41.4lloSOURCEClO.~tl 
DIMENSION APR(41.41l•POTQC4lo41loFXYC41o4ll•SELV(41•4ll 
DIMENSION AEXC41•4lloAEYC4l•4ll•!WC4l 
EIWIIIALENCE (fXC!olleAEXClolD 
EOUIVI\LENCE UH lel>oAEHl•l» 
EQUIVALENCE COATCloll•tXYCl.lll 
EQUIVALENCE (PF'N(l•l>•POTCt.l >•EXCl•l)) 
EQUIVALENCE CPRVOC!.!J.EF'YC!oll•BFLDCl•l•l)} 
EQUIVALENCE COClolloEF'XCl•ll.BFLDC1o1•2>) 
EQUIVALENCE (APRC!oll•BF'LDC1•1•3)) 
EOU!VAL(NCE CELV<l•ll•SELV(loll> 
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C £QU!VALENC£ OF SELV AND ELY SHOULD B£ REMOVED WHEN THEY REPRESENT 
C DIFFERENT SURfACES. 

C INITIALIZE CONTOUR PLOT PARAMETERS 
C THE fOLLO~<ING 3 CALLS ARE TO LBL BERKElC'I' PlOT SUBfHlUfiNCS. 

A2=10HMMR PLOTS 
C CALL HODESGCZ.&.AZ) 
C CALL SETSMGCZ.t9.IOO.OJ 
C CALL SETSMG(Z.20•100.0) 

BEGIN READING PARAMETER CARDS 

C READ CARD 1 PARAMETERS 
READI?.l80lNPL•NT.NPlN•MT!ME•NPUQ.FlATl•EfLATl 

160 f0RHATC51&X•I4·1•2fiQ.2J 
C READ CARD 2 PARAMETERS 

REAOC2.182lNSRCeNSRCIH•NSEG.SCALE•SIGHA.fTMT•ATTN 
182 f0HMATIH6X•I4l•f!0.4.2f10.&efl2.7) 

C READ CARD 3 PARAMETERS 
READI2el90lhlll.IWCZ>•lWCl>eNSKPX.I\lSKPY 

190 f0RMATC5C&X•!4)) 
C READ CARD 4 PARAMETERS 

REAOC2ol~4l ilWOWeRBf.BWWoBANM.EPOToAPPR 
184 fORHATCoX•f~.O·Sf10.0) 

C READ CARD 5 PARAMETERS 
REAOC2.18&l GREfXo GREfV 

186 f0RMAT(l0Xo2fl0.0) 

WRITEC&•ZOO)CNPLoNTeNP!N.MTIMEoNPUQ•flATZ.EflAfZ) 
200 fORMATC1H1oSX.•NPl=&•l4o4XeeNT=••l4•4Xo•NPIN=••l4• 

C 4X.oMfiHE=••l2e4Xo•NPUQ=••I2o4X••flATZ=••fl4.6.4Xe 
C •EfLATZ=••fl4.6) 

WRITEC6•2IOJNSRC.NSRCIMoNSEG•SCALE•SIGHAofTMT•ATTN 
210 fORMATC3X.•N5RC:o,I3e3XooNSRCIM=••l3.3X.•NSEG=••I3. 

C 3Xo•SCALE=••fl4.6•3X••SIGHA=••fl4.9•3XoofTMT=••fl4e9o 
C 3Xe•ATTN:oof!4.9J 

W R l TE < 6 • 2 2 0 l ! W C 1 J • IIH 2 ) • I IH 3 ) • N S X P X • N SK l" Y 
2?0 FDHMATCSX.•IW(l)=••l3•4X••!WC2l=••l3o4X• 

C •IWCJJ:••I3o4X••NSKPX=••l3•4X••NSKPV:0e{3) 
WRITEC6•212l8WOWoRBfeBWWe8ANM,EPOT.APPR 

212 fORMAT(5Xe•BW0M=••f3.le4Xe•RBf=•of3.lo4Xo•BW~:o.r3.1.4Xe 
C •BANH~•.f3.le4X••EPDT=••f3.lo4X•eAl"PR:••Fl.1) 

WR!TE<&•214l GRtfX• GREfY 
214 fORMATCSXe•CDORD!NATES Of GRID POINT Clot> IN HAP UNITS•• 

C • NORTH: ••f12.2o• EAST= ••fl2.2l 

DO 15 H=loNSRCIM 
C READ CURRENT SOURCE AND !MAGE CARDS 

15 REA0(2,110lCSOURC[(MeNleN=lo4l 
110 f0RMATC10Xe4f10.2l 

DO 225 H:l.NSRCIH 
225 WR!TEC6e230lCSOURCECHeN}eN:le4) 
230 fORHAfC2X·•SOURCE/IMAGE MAP COORDINATES NORTH• EAST• •• 

C •ELEVATION• AMPERES••Ie4C2Xof16.&l) 
IfCNSEG.EQ.OlGO TO 231 
00 113 l•:loNSEG 
00 1 U H"'1•2 

C READ WIRE SEGMENT CARDS 
READ<Z.!lll CCENOPCNeMo!)oN$1ol)•WAMP(!)) 

111 rDHHAT(10Xo4fl0.2) 
113 WRlTEC6e!l6l (([NDPCN.H.I>.N=t.J).~AHPCI)) 
116 f0RHHC2Xe$WIRE END POINT M.ld' COORDINATES NOI'HH. EAST. '"• 

C eELEVAT!ON• AMPERESe•I•4C2Xofl6.6)) 
ZH CONTINUE 
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C DO 20 N~t.NPL 
C 20 R£ADC2•100l(ElV(H•N)•HB1•NPl) 

100 FORMATC12r6.01 

C OR CREATE A MODEL SURFACE BY CALLING SUBROUTINE CSURf5 
CALL CSURf5(NPL.ELV.SCALEoSELVI 

END READING PARAMETER CARDS 

SCALE COORDINATES AND ELEVATIONS 

C CALCULATE MEAN ELEVATION 
AVG:O.O 
DO 21 M~loNPl 

DC 21 N=loNPL 
21 AVG:ELV(M.NJ+AVG 

AVG=AVG/fLOAT{NPL&NPLI 
C SCALE AND CHANGE SIGN Of ELEVATIONS IZ AXIS 15 • OOWNWARDJ 

CC : ® ATTN/SCALE 
DO 22 M=l•NPL 
DO 22 Ngl.NPL 

22 ELVCMoNI=CCeELV(M.NJ 

C WHEN ELV AND SELV ARE EQUIVALENCED SELV SHOULD NOT BE SCALED BY CC 
C DO 23 M=l•NPL 
C DO 2J N=l•NPL 
C 2l SElVCM·N>=CCeSELV(MoNl 

AVG=ATfNeAVG 
WR!TEC&•27>AVG 

ZT FORMAT(3Xo•AVERAGE ElEVATION IN METERS IS @oGl~.6J 
FLATZ = * FTMTefLATZ/SCAlE 
EfLATZ ~ o fTMT•EFLATZ/SCAlE 
00 17 M~l.NSRCIM 
SOURCECM.ll = FTMT•< SOURCECMo1J*GREFX )/SCALE + 1.0 
SOURC[CMoZI • FTMfa( SOURCECM.2J•GREFY J/SCALE t 1.0 

11 SOURCECM.3l • • FTMT•SOURCECM.3)/5CALE 
DO 227 M•l•NSRC!M 

227 WRITEC&.232lCSOURC[(M.NioN•Io4J 
232 FORMATCZX••SOURCE/IMAGE COORDINATES IN GRIU UNITS RELATIVEeo 

C • TO CO•OJ NORTH. EAST• ELEVATI0Neo/•3CZX.F14.6JJ 
IFCNSEG.EQ.OlGO TO 23~ 
DO 119 l•l•N~EG 
00 119 NP=l•Z 
ENOPC1oNP•!> • FTMTe( ENOPC1oNP•!JaGREfX )/SCALE t 1.0 
ENOPCZ.NP.IJ • FTMT•C ENDPC2.NPoiJ•GREFY J/SCALE • 1.0 

119 ENOPC3oNP•ll • • FTMT•ENDPCJoNP•ll/SCALE 
00 124 I•loNSEG 
DO 124 M=l•Z 

124 WRIT[(6o126l(ENDP(NoM•IloN:t.3> 
12& FORMATC2X••WIRE (NO POINT COORDINATES IN GRID UNITS RELATIVE•• 

C e TO (O.Ol NORTH. EASTo ELEVATION•olo3(2X.Fl4.6l) 
2Jl CONTINUE 

C PRINT AND PLOT ELEVATIONS 
Al=lDH ELV 
CALL PRNTAL(NPL•ELV•Al) 
CALL PLDTALCELVoNPL•AloDAT) 

CALCULATE SLOPES Of SURFACE ELEMENTS 

CALL SLDPE(~PLoELV•fX•fY} 

C At~lOHSURfACE fX 
C CALL PRNTAl(NPL•fX.All 
C Al:lOHSUHFACE FY 
C CALL PRNTAL(NPL.fYoAll 
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C ®e@®e*~ CALCULATE PRIMARY NORMAL COMPONENTS Of e®&**~@ 

C "'"""'"'u ELECTRIC fiELD ON THE SURF'AC:E .,..,..,...,., 

CALL NORMPECNPL•ELV.SOURCE•PfN•O•fX·fY·SIGMA•NSRC!H) 
C THEE fiELDS ARE WEIGHTED BY THE AREA Of' THE ELEMENT. 
C THE NORMAL E f'IELOS ARE USED AS STARTING VALUES IN THE 

RELAX SURF'ACE CHARGES 

CALL RLXARYCNPL•PfN•O•PRVQ•ElV•tX•fY.PRECHG.IW.HTIHE) 
C PRINT AND PLOT SURfACE CHARGE 

1\1 "1 0 HC HA RGE 
CALL PRNTALCNPL•O•Al) 
CALL PLOTALCQ.NPL•Al·DAT) 
IfCNPUO.EO.O>GO TO 251 
WRIT£(8.250l((Q{H.Nl.H=1•NPL)•I\Jal•NPL) 

250 f'ORHAT<B£10.41 
251 CONT IIIIU£ 

C "'"'"'"'e"'"' CALCULATE SURF'ACE POTENTI~L DUE TO SURfACE "'"'"'"'"'"'"' 
C "'"'"'"'"'"'"' CHARGES. CURRENT SOURCES AND IHAGES ®@$"'"'~~ 

C **"'®m"'"' ADO POTENTIAl DUE TO PRIMARY CHARGE ON THE @$~*•*$ 

C uu"u COARSE OUTER MODEl GRID "'"""'u'"" 

CAll IUXPOTCNPL.POJ.SIGMA.ELV•EFLAtZoNToNPIN•SOURCE•NSRCIM•POIQJ 
DO 130 M•d•Nf"L 
DO 130 N=l•NPl 

110 POTCH.Nl=POTCM,N)/SCALE 
C PRINT POTENTIAl 

lfCEPOT.EQ.O.OJGO TO 35 
Al=lOHPOTENTIAL 
CALL PRNTAL(NPLoPOT•AlJ 
CAlL PLOTAL(POToNPLoAl•DAT) 
lf'CEPOT.NE.Z.OlGO TO 35 
WRITEC~.Z50l(CPOT(HoNl•H"'1•NPL)oNml•NPLl 

3!1 CONI !NUl 
IF<APPR.EO.O.OlGO TO 36 

C """'"sse CALCUlATE TERRAIN EFFECT APPARENT RESISTIVITY ""'""'""" 
C ""w"""" CIN OHH-HETERSl USING TOTAL HODEL E POTENTIAL• """"""" 
C: """""""' FLAT EARTH GEOMETRIC FACTORS• STRAIGHT LINE *""w"""' 
C "'w"'""w" DISTANCES• AIIIO REFERENCE ELECTRODE AT INfiNITY. "'e®e"'~• 

c 

CALL APRESCNPl•ElVoSOURCEoNSRCePOToAPR•SCAlEl 
A1,.10HAPP RESIS 
CALL PRNTAL(NPL•APR.All 
CALL PLOTALCAPR.NPLoAloOAT) 
IFCAPPR.NE.Z.OlGC TO 38 
WRITEC8o2SOlCCAPR(M.N>•M:t,NPl>•N=1•Nf'l) 

36 CONT !NUE 

CALCULATE PERCENT ELECTRIC fiELD ANOMALY 

C CALL EPER<NPL.SOURCEolllSRC.POToAPR.EFX.EfV.fLATZ.SIGMA.SCALEJ 
C Al=lOHEX PER ANM 
C CALL PRNTAL(IIJPL•EFX.Al) 
C CALL PLOTALCEfX•NPloAl•OAT) 
C: A1,.10H(Y PER ANM 
C CALL PRNTAL<NPL•Ef'Y.A1) 
C CALL PlOTAL(£fY•NPL.A1•0ATJ 
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CAL CULA H E FIELD ON MODEL SURf ACE 

CAll TEFLO(NPL.POTO.EX.E:Y•EZ.rX.rY.E:fX•EfY•fXY• 
C ELV.SOURCEoNSRC!MoSIGMAl 

C E fiELD DUE TO SURfACE CHARGE IS FOUND FROM SlOPES OF POTENTIAL. 
C E fiELD DUE TO SOURCES AND IMAGES IS CALCULATED fROM ANALYTIC fORMULA 

C meoommee CALCULATE THE MAGNETIC fiElD CMILllGAHMASl DUE TO mmmmee 
C *•m•••• CURRENT FLOW IN THE EARTH BY AN INTEGRATION OVER eem•e• 
C • ...,.,.,.. SURfACE ELECH~IC FIELDS AND TERRAIN SLOPES uuu 

CALL Bf!ELOCNPL.EX.EY.EZ.BFLD.SIGMA.SCALE•ELV•FX.FY.!W.NSKPX.NSKPY 
CoSEL\Il 

C ROUTINE BF!ELD INTEGRATES OVER TOTAL E fiELDS ON MAIN MODEL SURfACE 

CALL AUXBZCNPLoBFLD.SIGMAoSCALE•SELVolWoFLATZ.AEX•AEY. 
C SOURCEeNSRCoNSKPXeNSKPY) 

C ROUTINE AUXB2 ADOS EffECT Of INTEGRATION OVER E OUTSIDE MODEL GRID 
C BY SUBfRACT!NG AN INTEGRATION 0\IER HAlf~SPACE £ fiELDS ON THE MODEL 
C GRID fkOM THE THEORTICAL HALf®SPACE MAGNETIC fiELDS. 

NCTR~INT(flDAT~NPL>IZ.Ol +1 
CALL WlNDO~CNCTRoNCTR·IFX•llXoiFY.ILYoNPloZ•lW) 

NK=O 
DO 320 I=IFX.ILXeNSKPX 

320 NK=NK+1 
A.Hl >=!OHBX WID wR 
AA(2l=10HBV W/0 WR 
AA(3l=l0HBZ W/0 ~R 

IFCBWOW.EQ.O.OlGO fO 46 
00 45 KK,ld 
CALL PRINfA(BflD(1•1•KKleiFXe!lX•IfY•lLV•NSKPXoNSKPVoAACKK)) 
lr{BWn~.NE.Z.OlGO TO 4S 
WRITEC8o250)((BfLOCM•N•KKl.M;JfXollXoNSKPXl•N:lfY•llY•NSKPY) 

~5 CALL GPLDTHBFLO(l•I•KK).NPL.AA(I\IIhOAT.!fX.ILX.NSI\PX. 
C IfY•lLY•NSKPY) 

.U"lOHBWOW HOR!Z 
CALL GPLOT3CBfL0<1•1•1>oBFL0(1•1•2»•NK.Al•DAT.OATYo 

C lFX• !lX•NSIIPXo !fY. ILY•NSKPYl 
lot. CONT !NUE 

NrlAT"1 
!F(RBf~BANM.EO.O.OlGO TO 52 

C ...,.,.,.,u CALCULATE THE MAGNETIC FIELD TERRAIN HFECT (IE u...,.,.,., 
C "'"'"'*"'*"' THE REDUCED flELOl BY REMOVING THE HALF®SPACE OR .,.,.,.,.,., .. 
C .,e.,.,.,.,., NORMAL MAGNETIC FIELD fROM THE TOTAL FIElD. .,.,.,.,.,.,., 

CALL NORMB(!fXollXoNSKPX.!Fv.ILY.NSKPY.SELVoBflOoSOURCE• 
C NSRC.SCALE•®l.OoNfLAT.fLATZl 

AACll=lOHBX REDUCED 
AA(2l=10HBY REDUCED 
AA(3l=10HBl REDUCED 
!fCRBF.EO.O.OlGO TO 57 
Al=!OHB HORtZ 
CALL GPLOT3CUfLO(I•I•l>.BfLD<1•1•2l.NK.AloOAT.OATYo 

C IFX.ILX•NSKPX•ltY•lLY•NSKPYl 
00 50 KK:lo3 
CALl PR!NTA(BfLOCloloKK)olfXoiLX•IrY•lLY•NSKPX•NSKPY•AACKK)) 
CALL GPLOflCBFLD<l•l•KK),NPL.AA{KK).OAT•lFX.ILX.NSKPX. 

C li"Y•!l'f•NSKP'O 
IrCRBf.NE.Z>GO TO SO 
WR!TE!8•250lC!BfLO(M•N•KK)oM:IfX•!LX•NSKPX).N~IFYollY.NSKPYJ 

SO CONTINUE 
57 IFCBANM.EO.O.O>GO TO So 



CALL BANOMTClfXollX•NSKPXolfYollY·NSKPY•SELV•BfLD•SOURCEo 
C 1\lSRC.~CALEol.O) 

AACll;lOHAX PER AMT 
AA(2):10HBY PER AHT 
AA(3):lOHBZ PER AMT 
DO 310 KK=td 
CALL PRINTACBfLDCloloKKlolfXoiLXoifYolLYoNSKPX•NSKPYoAA(KK)) 

310 CALL GPLOT1(Atl0(l•l•KKloNPL.AA(KKloDATolfXollXohSKPXo 
C !fro ILVoNSKPVl 

C CONVERT PER ANO~ NORMALIZED BY TOTAl BACK TO REDUCED 8 fiELD. 
CALL 81\NDM TC If' X. H.Xol\lSKf'Xo If Yo XL Yo N$KPYo Sfl V• BfUl•SOURCE • 

C NSRC.SCALE•@t.Ol 
S~ CONTINUE 

C ADO BACK NORMAL B fiELD 
CALL NORMOC!fXo!LXoNSKPXoifYoiLVoNSKPY.SELV•BfLOoSOURCEoNSRCo 

C SCALE•t.OoNfLAfoflATZ) 
52 CONTINUE 

XF<BWW.EQ.O.O>GO TO ~5 
lf(NSEG.EQ.OlGO TO 65 

C mamm0ee ADD MAGNETIC fiELD DUE TO CURRENT fLOW IN WIRES m0memm& 
C 00000•• TO MAGNETIC FIELD DUE CURRENT fLOW IN THE EARTH mea0smo 

CAll BWIRECNPL.SELVoBFLO•ENOPoNSEG•SCALEoNSKPXoNSKPYoiWoWAMPJ 
AA C1 >=10HBX TOTAL 
AACZ>=lOHBV TOTAl 
AA(3)=10HBZ TOTAL 
A1=10HB T HOR!Z 
CALl GPlOT3(8fL0(1olo1loBfl0(l•l•2>•NK.AloOAT•OATY•IfX•IlX• 

C NSKPX.IfYolLYoNSKPY> 
00 SS KK"'l•l 
CALL PRINTA(BfLOCl•l•KK).!fXollXo!FVoil'Y•NSKPX.NSKPVoAA(KK)) 
lf(BWW.NE.2.0)G0 TO 55 
lOR lHCilo2SOH<BfLD( HoNoKK) oM:oiFXo ILXoNSKPX>.N=IfY• Il'foNSKP'O 

SS CALL GPLOTlCBfL0<1•1•KK>.NPL.AA(KK)o0ATolfXollX•~SKPXo 
C lfY•lL'I'•NSKf'Yl 

C PLOTING COMPLETE. CALl lBl BERKELEY PLOTTING EXIT. 
liS CALL EXITGCZ> 

STOP 
END 

SUBROUTINE CSURfSCNf'L•ElV•SCAlE•SELV) 
C CREATES A SMOOTH ZwO TERRAIN FEATURE 
C THIS ROUTINE USED TO CREATE THESIS MODEL R•SAZO 

OIHENSION ElV(4l.41)•SELVC41.41) 
SIGN=-1.0 

C S!GN=-1.0 FOR HILLS • SIGN=t.O FOR VAlLEYS 
OEG:ZO.O 

C DEG IS SLOPE Of TERRAIN fEATURE IN DEGREES 
Al=4.&8!i111 
A2=4.&40&21 
A3=4.549&B 
A4=5.459553 
A5=0. 36397023 
A6,.0.181985 
81=0.04549£> 
uz .. o. 0909925 
83"0 .1 tH 985 
B4=0.H:d91'02l 
85=0.161965 
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£!1'1=0.0909925 
I" I"' 3. 141 5 927 
Cl=SO.O/flOATCNI"L=l) 
ANG!=P!m20.0/!60.0 
ANGZ=P!wOEG/180.0 
C2=ClmTANCANG1l/TAN<ANG2> 

C: Cl IS HORIZONTAL SCALE• C2 IS \IEIHICH SCALE 
CNTRX=fLOAT(!NTCflOATCNPL)/2.0)tl) 
00 40 M=loNf'L 
X"'!IOSCfLOAT(M)=CNTRX)eCl 
Z:.!ll=Ol•X 
IfCX.GT.l.OlZ=!12=B2mCX=l.O) 
!f(X.GT.Z.OlZ=AJ=BJwCX=Z.O> 
xrcx.cr.J.OlZ=A4wB4•X 
IfCX.GT.!4.0lZ=A5=B5wCX=t~.O) 

!f(X.GT.!5.0lZ=A6=B6•CXo!S.Ol 
IfCX.Gf.!6.01Z=O.O 
Z=51GN•5CALE•Z/C2 

C Y IS STRIKE DIRECTION fOR zoo MODELS 
DO 40 N=!oNI"L 

40 ELIICHoNl"Z 
RETURN 
END 

SUBROUTINE NORHPE{NI"L•Elii•SOURCE•Pf~•O•fX.fY·SIGMA.NSRClH) 
C CALCULATES PRIMARY NORMAL ELECTRIC t!ELO DUE TO SOURCES 
C AND IMAGES AND !N!TAUztS QCH.IIO TO PfN01oN) 
C Q AND PfN ARE SCALED BY TRUE SURfACE AR(A Of EACH ELEMENT 
C TRUE AREA !S A fCN Of Z COMPONENT Of SURfACE NORMAL \lECTOR 

O!HENS!ON EL\1(41.41 >•PtNC4lu4l}oQ(41•41l.fXC41.41)ofYC~1.41) 
O!MEN510N SOURCEC10o4) 

C CON=l.014•P!•S!GMA 
CON~l.O/C12.~663706•S!GMA) 

00 10 M=l•Nf'L 
DO 10 N=l•NPL 
EEX,.O.O 
EEY,.O.O 
EEZ:O.O 
DO 5 l=l•NSRCIM 
I"X=SOURCE C! •l > 
PY:.SOUHCE< 1•2 l 
J>Z:SOURCE (! • 3 l 
AMP:SOURCEC lo4) 
OX:::ft.OAHMl~Px 
OY "tllJA 1 ( N )apy 
DZ,.ELVCM•N)apz 
Rl:SQRT(OX•DX+OY•OY•OZ•OZ> 
!f(Rl.Gf.O.OSlGO TO 3 
Rl,.l.O 
AMP=O.O 

l CR32=mAHP•CON/(Rl•R1•R1l 
EEX=OX•CR32+EEX 
EE'f=DY•CR3Z+EE'f 

5 EEZ,.DZ•CR32+EEZ 
PFNCHoNl•-EEX•FXIHoNJs[[Y~FYCMoNJ•EEZ 

10 O!MoNl•PfNC~•Nl 
RETURN 
EMD 

SUBROUTINE RLXARYCNPLoPfNoO•PRIIOoELII•fX•FYoPRECHGolW•MTIHE 
C ROUTINE fOR R~LAX!NG SURFACE CHARGE ARRAY Q(MoN) 

DIMENSION PfN(4!o4lloQ(41.4lJ.PRV0(4lo41J.[lVC~lo41} 

DIMENSION FXC41•41loFYC41•4lJ 
DIMENSION !IH4l 
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PI2"()•21Ul853 
I!W.,!IHU 
NO I" 0 

5 IFCNO!.GE.MT!M£) RETURN 
N£JI::NO!tl 

C SAVE CHARGE fROM LAST ITERATION 
DO 10 M:l,NPL 
00 10 N::loNf>L 

10 f>RVO(M.N):Q(M,N) 
DO 20 M:1,Nf'L 
Ifl!:M-I!W 
IfCifX.LT.ll IfX=l 
IU!,.M+I !W 
IfCILX.GT.NPL} lLX:NPL 
DO 20 N"loNPL 
HCT=EL\ICM.Nl 
!F'Y.,N-I IW 
zrnn.u.n rn"'t 
!LY=N+I!W 
lFCILY.GT.NPLl !LY:NPl 
EO=O.O 
EE\'=0.0 
EEz,o.o 
DO 15 I"IfX•IlX 
IX"H-! 
OX:::FLOAHIO 
IXX,IX•!X 
Do 15 J"rn.ru· 
IY"N-J 
DZ,HGT-EL\ICloJl 
Rl,SORTCFLOATCIXX+IY*IVl+DZaOZl 
R3,f'i3aR3•fU 
lfCR3.LT •• 0000001l GO TO 15 

C SKIP SINGULARITY 
QR3:CH!•J>IR3 
EEX,.EEX+DX.,QR3 
EEY=EfY+fLOATCIY)&QR3 
EEZ=EEZ-DZ•OR3 

15 CONTINUE 
ZO Q(HoN):PF~CMoN)+(FXCMoNlmEEX+FY(MoNleEEY+EEZl/PIZ 

CAll CHANGECPRVC.OoNOioNPL) 
GO TO 5 
END 

SUBROUTINE CHANGECPRVQ.QoNOI.NPl) 
C fiNDS ABSOLUTE VALUE OF TOTAL CHARGE A~O ABSOLUTE or CHANGE IN 
C CHARGE AfTER EACH ITERATION. 

DIMENSION QC41o4l).PRVQ(4io41) 
ABQ=O.O 
ASQP=O.O 
0 0 1 0 M = 1• N PL 
DO 10 N"'loNPl 
ABQ=ABQ+AAS{Q(H•N)} 

10 AOQP=AOOP+AOS(Q(MoNl®PR\IQ(H•Nll 
IFCNO!.EO.llwR!TE(6o20l 

ZO fDRMAi(lHl•SX•eiTERAT!ON NO. ABSOLUTE CHARGE TOTAl ~. 
C &AUSOLUTE CHANGE IN CHARGE•} 

WR!T[(6.!00lNO!.A80.ABQP 
100 fORMAI(lJX•l2ol2X•G15.9ol2XoG15.9) 

RETURN 
ENO 

SUBROUTINE W!NOOW{HoNolfXolLX•lfYollY•NPl•K•lW} 
C SETS INTEGRATION WINDOW SIZE 

D I HC N S l 0 N l W C 4) 
IFX=M-!W(IO 
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I!.X"'H+!WOO 
IF'Y"'N$IWCIO 
I!. Y"Nt!W{IO 
IFCIFX.LT.ll IfX"'l 
IFCILX.GT.NPLJ ILX•NPL 
IfC!FY.LT.ll IfY•l 
IFC!LY.Gf.NPLl ILY•NPL 
RETURN 
END 

SUBROUTINE POTENT(NPL•Q•ElV•POToSOURCE•NSRC!H•SlGMAelW•POiQ) 
C CALCULATES POTENTIAL FROM SURfACE CHARGES• CURRENT SOURCES 
C: AND I MAGES. 
C POT IS TOTAL POTENTIAL. POTQ IS POTENTIAl DUE TO SURfACE CHARGE 

DIMENSION Q(4l•4l)oPOTQC41o41)o[LV(41o41loPOT(4lo4l) 
O!MfNS!ON lwC4loSOURCECl0•4l 
CONt;l.O/C!Z.5663706•S!GMAl 
CDN2=0.15915494 

C CON2"1/( 2 •PI} 
!!W=hd3l 
DO loO M=loNPL 
If')(:;Mal !W 
ILX,IHI!W 
lfCifX.LT.l) YfX=l 
!fCILX.GT.NPU IU:.I\IPL 
lOl,FLOATOO 
DO loO N"l•NPL 

C SET INTEGRATION ~INDOW SIZE 
IFY,N-IIW 
IL'f"N+IIW 
[f(IF'f.LT.ll IFY=t 
IFCILV.GT.NPL) !LY=NPl 
HGI=ELVCMoN) 
'fN;;fLOATCNl 
POTL:O.O 
DO 20 l=lfX•ILX 
I X "'M-! 
IU=IX•IX 
DO 20 J=If'I'·IL'f 
IY=N-J 
DZ,HGT-ELVCI.Jl 
R=SORTCfLOATC!XX+IY•!Y)+OZ•DZ> 
IFCR.GT.2.99lGO TO 13 
IFCR.GT.t.BOlGO TO 15 
IF<R.GT.l.tO>GO TO 17 
lfCR.GT.0.30lGD TO 19 

C FOR SINGULARITY 
POTL=POTL+OCI.Jl•3.52549 
GO ro zo 

C NEXT FOR DIAGONAL SURFACE ELEMENTS 
17 PDTL,PDTLHH I•Jl.,1.024111R 

GO ro 20 
C NEXT fOR ADJACENT ELEMENTS 

19 POTL,.PUTLHH leJl•l.038DS/R 
GO TO 20 

C FOR NEXT DISTANT RING Of ELEMENTS 
15 PDTL,PUTL+QCI•Jl•t.010/R 

GO TO 20 
C NEXT fOR DISTANT ELEMENTS 

13 POTL=POTL+Q<I•Jl/R 
20 CONTINUE 

C CALCULATE POTENTIAL DUE TO SOURCES AND IMAGES 
PPOT,O.O 
00 5 181•NSRC!M 
PX,.SOURCE< l•l l 
PY,SOURCEU.2> 
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PZ:oSOURCECld> 
AMP= SOURCE(! •4) 
Q)(;:)(M-PX 
D'f:::\'NmPY 
OZ,HGT-PZ 

5 PPOT=PPOT+AMP/CSQRTCOX~DX+OVeQY~OZ&OZl+l.OE®20l 
POTQ(M•Nl=POTL~CON2 

40 POTCM.N>=POTLwCONZ+PPOT~CONt 
RETURN 
EtW 

SUUROUTINE AUXPOTCNPL•POToSIGMA.ElVoFlATZoNT.NPlNoSOURCE. 
C NSRC!H•POTQ) 

C ADDS POTENTIAL DUE TO CHARGES ON THE COARSE OUTER MODEL GRID 
OIHENSlON ELVC4lo41)eSOURCE<lOe4)oXC35)oYCl5)eAEZC35•l5) 
DIMENSION POT(4l•4l}oPOTQ(4lo4l} 

C NT IS LENGTH Of OUTER GRID 
C NPIN !S NO. Of POINTS INSIDE INNER GRID 
C <NT~NP!N) MUST BE AN EVEN NO. 
C SO IS POINT SPACING ON OUTER GR!O 

SD=FLOATCNPL)/flOATCNP!N) 
NNN=NT®NP!N 
XCl>~O.S®CfLOATCNNN)/2.0 ®0.5)QSO 
Y(1)~0.5®CfLOATCNNNl/2eO *0.5)$5[) 
DO 30 l=2•NT 
XCI>=XCll+fLOATCI®lleSD 

30 YCI>~YCll+fLOATCI®il•SD 
C THE AREA Of EACH ELEMEMf IS IE 

A[::SQeSO 
C NOW CALCULATE ELECTRIC FIELD ON OUTER GRID 
C DUE TO CURRENT SOURCES AND IMAGES. 

CON1=1.0/{~.0sl.141592&5•SIGMA) 

CON2=l.O/C2.0•l.l41592&5l 
00 10 M=l•NT 
00 10 N=i•NT 
EE:Z=O.O 
00 15 !o:loNSRCIM 
PX=XCMleSQURCE(loll 
PY=YCNl®SOURCEClo2l 
PZ=fLATZ*SOURCE<Io3) 
AHI"=SOURCECI.4l 
CR=l.D/SQRTCPX•PX+PY~PY+PZ•PZl 
CRA=*CR•Cf!mCR•AMP~CON1 

15 EEZ=EEZ+PZ•CRA 
C WEIGHT BY AREA AE 

10 AEZCMoNl=EEZ•AE 
C NEXT SET E fiELDS IN CENTRAL SECTION Of GRID TO ZERO 
C THE fiRST POINT INSIDE INNER GRID lS CM•Nl WHERE 
C M=N,.CNNN/2 +ll 

Nf'=NNN/2 +1 
NL =1\lf' +NP IN~ 1 
00 60 I=NfoNl 
00 60 J:Nfoi'll 

60 AEH I.J):O.O 
C NEXT CALCULATE POTENTIAL fiELD DUE TOE FIELD ON OUTER GRIO. 

DO loO M:.lol\lf'l 
fM:::f'LOATOO 
00 e.o N:::1oNI"L 
PP:oo.o 
f'N,f'LOAH Nl 
f'l=ELVCH.N)®fLATZ 
PZZ=f'Z,.PZ 
DO 20 I:lol\lT 
f'hfMe)((I) 
f")(l(:f'l(8f')( 
00 20 J"l•NT 
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f''j'mf'Noo'fCJ) 
R=SQRT<PXXti'Y@PY+PZZ> 
IFCR.LE.O.OOllGO TO 20 
PP=PPtAEZC!oJliR 

ZO C:ONTII\IUE 
POTQ(Mol\ll=POTOCMoi\I)+I'P~COi\12 

40 I'OTCM.I\Il:POT(Moi\I)+I'P~C:Oi\12 

RrTURI\I 
(NO 

SUBROUTINE APRESCI\IPL•ELY•SOURCE•I\ISRC.POT.APR.SCALE) 
C CALCULATES TERRAIN EFFECT APPARENT RESISTIVITY C%1\1 OHM*METERS) 
C: USING TOTAL E POTENTIAL• F'LAT EARTH GEOMETRIC fACTORS. STRAIGHT 
CLINE DISTANCES• AND A REF'ERENCE ELECTRODE AT II\IFII\IITY. 

DIMENSION ELVC41o4ll•POTC41o41l•APRC4lo41l 
DIMENSION SOURCEC10o4) 
C:ON=6.2631853leSCALE 
00 20 M=l•I\IPL 
SX=fLOAHMl 
DO 20 l\l=l•NI'L 
GMF:o:O.O 
SY=HOATOO 
SZ,.ELVCM.i\1) 
DO 10 1\K:loNSRC 
OX:SX®SOURCECKKoll 
OY=~Y®SOURCECKKe2l 

Ql:SZ®SOURCECKK.3> 
AMP:SQURCECKK•4J 

10 GMF•GMF•AMP/C5QRTCDX~DX•DY~OY•DZ$DZJ+I.OE•2DJ 
20 AI'RCMoNJ•COI\IePQT(M.NJIGMf' 

C NQTE SCALE FACTORS IN POT AND GMF CAI\ICEL 
RETURN 
END 

SUBROUTINE TEFLD<NPL•POTD.EX.EY•EZ•FI.F'Y•EFXoEFY•FIY• 
C ELV.SOURCEoNSRC!MoSIGMAJ 

C CALCULATES E FIELD TANGENTIAL TO SURFACE FROM POTENTIAL DISTRIBUTION 
CON SURFACE. USES SLOPE ROUTINE ON POTENTIALS DUE TO CHARGE D!ST •• 
C E FIELD DUE TO SOURCES AND IMAGES IS COMPUTED FROM ANALYTIC FORM. 

0 I MEfJ S I 0 N FX ( 41 • 4 1 J • r H 4 1 .lo 1 J • PO HH 41 • 41 } • EF lH 4 1. 4 l). H 'H 4 1. 41J 
DIMENSION EXC41.4!J•EYC41•41J.EZC4lo41J 
O!MEI\ISlON FXYC4l•4ll•ELVC41•4lJ•SOURCECID•IoJ 

C CON:1.014•Pl•51GMA 
CON•l.D/C1Z.566l706•5IGMAJ 
CAlL SLOPECI\IPL•POTQo£fX•EfY) 
00 50 M"'1•t\1Pl 
OD 50 N"'l•NI'L 
E£1,.0.0 
EE'i'=O.O 
£Ez,o.o 
DO 5 l=1oN5RCIH 
PX,SOURCECI.1> 
P'i'"'SOURC£( l•Z > 
PZ=SOURCECid> 
AMP=SOURCECio4) 
OX=fUJAT ( M)~Px 
OY=FLOA HN)apy 
OZ:H\ICM.N)~pz 

Rl:SQRTCOXmOX•DY~OY+OZeOZ> 

lf(Rl.GT.0.05>GO YO 3 
C TREAT SOURC£ AS THOUGH IT WERE ON SURfACE IF Rt < Om05 • 

Rl"'t.D 
AHP:O.O 

l CR12=AMPmCON/(Rl•R1•R1) 
HX:QX$C:fi32+EEX 
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E!:hDY,.CIU2+HY 
5 EEZ=DZ•CR32+EEZ 

fXX=:fX (M•N> 
C!=1.0/Cl.O+fXX&fXX> 
f'fY:f'I'(M.N> 
C2=1.0/(1.0+fYY,.fYY) 
EE:f)(:[f)((l'!.~) 

HfY=H\'CM•N> 
EX(M•N):m([fXeCl+EEX 
EYCM.N):m[[FY•C2+EEY 

50 EZ<M•N>==EEFX•Clef)(XsEEfY,.C2,.fYY+EEZ 
RETURN 
ENO 

SUBROUTINE BFIELDCNPLPEX•EY.EZ.BfLO.SIGMA•SCALE•ELV•fXofY•IW• 
C NSKPX.NSKPY•SELV) 

C CALCULATES MAGNETIC FIELD ON SURFACE FROM SURFACE ELECTRIC FIELDS 
C AND SURFACE SLOPES. INTEGRATES ONLY OVER MAIN MODEL GRID. 
C BfLD !S IN MILL!GAMMAS. 

DIMENSION ELVC41•41 >•fXC41•41).fYC4l•41>.BFLDC41.41.1) 
DIMENSION EXC4!•4ll•EYC41•4ll•EZC4!.41) 
DIMENSION !W(4)• SELVC41•4l) 
CDN3=Cl.O[e7)•Cl.OE+l2J•S!GMAISCALE 
NCTR=lNTCfLOATCNPLl/2.0) +1 
CAll WINOOWCNCTR.NCTRolfX.IlX•If'Yo!lY•NPloZolW) 
DO 40 M=IfXolLX•NSKPX 
00 ~0 N=!FY.ILY.NSKPY 
HC T=SEL\ICM.PO 
BX:O.I) 
BY=O.O 
9Z=O.O 
DO 20 I :t.NPL 
U=M-I 
Uh!h!X 
DO 20 J=loNPL 
IY=N-J 
OZ:HCT-EL\1( I •. u 
EEX"on •. n 
EEY:EHI.J> 
EEZ:EZCI.J> 
ff)(:f)((l.J) 
ffhf'H!.J) 
R=SORTCFL04TCIXX+!YeiYl+OZ•DZ> 
!f<R.GT.Z.99>GO TO 13 
!fCR.GT.1.80) GO TO 15 
lf'CR.Gf.!.!Ol GO TO 17 
!f(R.GT.O.J ) GO TO 19 

C fOR SINGULARITY 
BX=BX-CEEY~EEZ•ff'Yl•3.525~94 

BY=BY+CEEZ•ffX+EEX>•3.525494 
BZ=BZ+CEEX•fFY-EEV•FFXJa3.525494 
GO TO 20 

C NEXT fOR DIAGONAL SURfACE ELEMENTS 
11 CR=l .0~48771>0/R 

BX=OX-([EY+EEZ•ffY)•CR 
BY=OY•fEEZ•fFXtEEX>•CR 
BZ=Bl+CEEXefFY-EEY•ftXl•CR 
GO TO 20 

C NEXT tOR ADJACENT ELEMENTS 
19 CR=l.03805/R 

8X=OX-CEEY+EEZ•ffY)eCR 
BY=OY+Cf£ZeffX+EEXl&CR 
BZ=BZ•CEEX&ffY-EEYeffX)0CR 
CO TO 20 

C NEXT fOR NEXT RING Of ELEMENTS 
15 CR=! .1)10/R 
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BXmBX•fEEYtEEZ~EEYJaCR 

BY:AYtCEEZ•fEX•EEXJaCR 
BZ=RZtCEEXaffY•[[YafrXJaCR 
GO TO 20 

C NEXT FOR O!STANT ELEMENTS 
13 CR~l.OO/R 

OX=OX•([[VtEEZaEFYJaCR 
UY•UYtiEEZ•FFXt[[XJ•CR 
BZ•UZ•IEEX~FFY•EEY•FFXJ•CR 

ZO CONTINUE 
BFLOIM•N•lJ•BiaCON3 
BFLO(MoN•21=BY•CON3 

40 ArlDIM•N•li•UZsCQN3 
RETURN 
END 

SUBROUTINE BWIRECNPL•SELV•BrlD•ENOP.NSEG.SCAlEoNSXPI• 
C NSKPY.IW•WAMPJ 

C ROUTINE CALCULATES MAGNETIC FIELD RESPONSE IN KllliGAMMMIS 
C DUE TO A NUMAER OF STRAIGHT WIRE SEGMENTS CARRYING WIMP AMPERES. 
C NSEG 15 NU. OF SEGMENTS 
C ENDP ARE THE COORD5 Of THE END POINTS Of THE ~IRE SEGMENTS 
C CURRENT flOWS FROM ENDP(K•l•l> TD ENOPCKo2•I> 
C OAS ARE THE COORDS OF THE MAGNETIC fiELD OBSERVATION POINT 

O!MENS!DN SELVC41•4ll•BfLD(41•4l.3>•WAMP(40l•U(3),JW{~) 
DIMENSION [NOP(3•2•40)o0B5(3)•Pl0(3l•P12(ll•P20(3) 

CCCCC CON4 IS MU/4Pl •I.O[tl2 
CON4=1.0E+5 
CON5•CON4/SCALE 
NCTR=!NTCFLOATCNPLJ/2.0) +1 
CALL W!NDOWCNCTR.NCTR.IFX.ILX.IfY.ILY•NPL•Z•lW) 
DO 40 M=lfX·ILX.NS~PX 
O~S(l);flOATCM) 

DO 40 N=IFY.ILY.NSKPY 
OBSC2l=fLOATCNl 
DASC3l=SELVCM.N) 
DD 40 I=l•NSEG 
DO lD K=1•3 
P10(KJ=ENOPCK•l•I>-OBSCK) 
Pl21KJ=ENDP[K•I•IJ•ENOPCK.z.IJ 

10 P20(K):(N0P(K•2•!l•08S{K) 
R1=50RTCP10Cl>••Z+P10{2>•~2+P10Cl>•e2J + t.o£~40 
HP12=5QRT<P12(1l••2>Pl2{2)eeZ+P12C3l••2l 
R2=SORT(P20(ll••Z•PZOC2l••Z+PZOC3)••2l t 1.0£•40 
CD5P1=CPl~(1J•Pl2Cll+PlOCZJaP12CZltPlOC3J•P12(~)) 

C /(Rl•RP12) 
CD5P2=CP20Cl>•Pl2ClltP2DCZJ•P12C2ltP2DCJJ•PlZClJJICRZ•RPI2J 
SINP1=50RTC!.D w COSPl••ZJ 
S!NP2=SQRT(loO•C05P2•CU5P2J 

C SELECT MDST ACCURATE ESTIMATE Of RR 
RR=Rl•SINPl 
IfC5INP1.tT.5INP2lRR=R2•5INP2 

C PREVENT DIVISION OY ZERO 
CC=CDSPl•CO~P2 

C IF DB5ERVAT!O~ POINT IS VERY NEAR THE AXIS Of TH£ W!REo SET B TO 0 
IfCS!NP1+SINP2.LT.l.DE~6lCC=O.D 
U(ll=P12C2>•P1DC3l-P12C3J•P10(2) 
UC2J=P12(3J•Pl0(1)-Pl2(1J•P10Cll 
U(lJ=PIZCil•P10(2)•P12C2laP10(1l 
UM=SQRf( U(ll••2tUC2l•aZtUC3)aaZ 
ltCUH.£O.O.OlUM=l.0(~40 
ABSO~WAMPCil•CONS•CCIRR 

DO 40 J=l•l 
40 BtLO(~•N•Jl=ABSB•UCJl/UM+BtlO(MoNoJ) 

RETURN 
(NO 
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SUBROUTINE AUX82CNPloBfl0oSIGMAoSCAlEoSElV•lWofLATZoAEX.AEY• 
C SOURCEoNSRC•NSKPXoNSKPY) 

C ADOS EFFECT Of INTEGRATION Of OVER E FIELD OUTSIDE MAIN HODEL 
C GRID BY SUBTRACTING AN INTEGRATION OVER HALf-SPACE E FIELDS 
C ON THE MODEL GRID fROM THE THEORTICAL HALF-SPACE MAGNETIC fiELDS. 
C ARRAY BfLO IS IN M!LLIGAMHAS. 

DIMENSION SELVC41o4ll•BflOC~1•4l•lJolWC~) 
DIMENSION SOURCE{l0•4> 
DIMENSION AEXC4lo41)oAEYC4lo41J 

C NOW CALCULATE ELECTRIC FIELD ON GRID 
C DUE TO CURRENT SOURCES • 

CON1gl.OICZ.003.141592G5&SIGMAl 
00 10 H=lol\!f'l 
I" H:FLOA TC H) 
DO 10 N=l•Nf'l 
£:!:)(:::().0 
EEY =0.0 
fN=F'LOAHNJ 
00 5 I"l•NSRC 
rx=I"M=SOURCECiolJ 
PY:::fN-SOURCECloZI 
PZ=fLAfZ-SOURCECle3) 
AMP:::!iOURC[( lo4l 
R!=SORTCPX•PX+PV0PY•PZ@PZ) 
!FCR!.GT.0.05)G0 TO 3 

C TREAT SOURCE AS THOUGH IT WERE ON THE SURfACE If R1 < 0.05 • 
C ANO E fif.LO DUE TO SOURCE IS SET TO ZERO AT SOURCE POINT. 

R1=1.0 
AMP=(). 0 

J CRA:::AMPeCON1/[R1sRl0RlJ 
ErX=EEX+PX&CRA 

5 EEY,EEY+PY•CRA 
AEXOl•N>:EEX 

10 AEH M• NI=EE'f 
CON3•C!.OE~7>•C!.OE+1ZJ•SIGMAISCALE 
NCTR•INTCI"LDATCNPLJ/2.01 tl 
CALL WINDO~CNCTR.II!CTR·lfX•lLX•lf'Y•ILY•NPl•Z•IW) 
DO 40 M•IFXolLX•NSKPX 
DO 40 N=IFYoiLYoNSKPY 
HGJ=SELVCH.Nl 
!lX =0. 0 
iJY:::O.O 
00 20 IgloNPL 
!X:::M=l 
!XX= IX• IX 
00 20 J=loNPL 
IYgN=J 
R=SORTCfLOATC!XXtiY•lY)) 
!F<R.GT.2.99lGO TO 13 
lf(R.GT.l.80l GO TO 15 
IfCR.GT.l.lOl GO TO 17 
IFCR.GT.0.3 l GO TO 19 

C fOR SINGULARITY 
BX~AX=AEYC!.J)e3.525494 

8YgBY•AEXC!.J)•3.525494 
GO ro zo 

C 1\!EXT tOR DIAGONAL SURFACE ELEMENTS 
17 CR=1.024877GO/R 

BX•OX-AEYC!.Jl•CR 
AY=AY+AEXC!.JlmCR 
GO TO 20 

C NEXT FOR ADJACENT ELEMENTS 
t9 CR=1.03605/R 

AX=OX$AEYCI•J)®CR 
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BYmRYtAEXCI•J)mCR 
GO TO 20 

C NEXT fOR NEXT RING Of ElEMENTS 
15 CR:1.010/R 

BX=RX~AEY<l•J)mCR 

BY=OY+AEXCI.JlmCR 
GO TO 20 

C NEXT fOR DISTANT ElEMENTS 
13 CR=l.OO/R 

BX=UX$AEYCI.J1•CR 
BY:AY+AEXCioJ}•CR 

20 CONTINUE 
BflOCMoN•l>=UflD<M•N•l»®BX•CONl 

40 BflOCM•NoZ)=BfLO<M•N•2)ooBYmCON3 
CAll NORMOCifX•llX•NSKPX.IfYoilYoNSKPY.SElVoBflO•SOURC(o 

C NSRCoSCAlEol.OoloflATZ> 
RETURN 
END 

SUBROUTINE NORMBC!fX•IlX•NSKPXo!fY•IlYoNSXPY•SELV•BflO• 
C SOURCE.NSRC.SCALE.SIGNoNflAT•flATZ> 

C REMOVES OR ADOS •NORMAl• MAGNETIC fiELD 
C THE mNORMAl• fiELD IS THAT DUE TO A SEM!siNf!NITE VERTICAL 
C WIRE BEGINNING AT THE CURRENT SOURCE 
C SIGN =-1.0 CAUSES SUBTRACTION Of fiELD• 1.0 fOR ADDITION 
C NfLAT=l CAUSES ElEVATION ARRAY SELV YO BE IGNORED AND THE 
C VALUE fLATZ IS USED fOR OBSERVATION ELEVATION. 
C ARRAY BfLD MAGNETIC f!ELD IN MILllGAMMAS. 

DIMENSION BflOC4lo4!•l>•SELVC41•41}•SOURCEC10o4) 
CON3=1.0EQ70l.OE+l2/SCALE 
DO 10 M~IfXo!LXoNSKPX 
fM=fLOAT(M) 
DO 10 N=IfYo!LY•NSKPY 
fN=fLOATCNl 
00 10 I=loNSRC 
PX=fHQSOURCEC!.l l 
PY=fN-SOURCE<I•2l 
PZ=SELV(MoNl-SOURCE!I•l> 
If!NfLAi.EO.tlPZ=fLAfZ®50URCECio3) 
AMP=SOURCEC!.4) 
PXPY=PX0PX+PY*PV 
R1=SORTCPXPYtPZ•PZ> 
!f(PXPY.(Q.O.OlGO TO 2 
IfCR!.GT.0.05lGO TO 3 

2 R1=1.0 
PXPY:l.O 
AMP~o.O 

3 CR~t.O/Rl 
CB=SIGNaAMP•CONJa(l.O•PZmCR)/PXPY 
RflD(M•N•ll~BFLDCM•N•ll-PYaCB 

10 ~fLDCM.N.?l=UflDCM.N•Zl•PXmCB 
RETUR~ 

END 

SUBROUTINE BANOMC!fX•IlX•NSKPX•lfYoiLYoNSKPYoS[LVoBflD• 
C SOURCE.N5RC.SCALE•f0RWR0) 

C THIS RuUTYNE CALCULATES PERCENT MMR ANOMALY fOR ONE OR TWO 
C ElECTRODES. IF TWO ELECTRODES ARE USED THE LINE CONNECTING 
C THEM MUST BE PARALLEl TO THE Y AXIS. 
C THE INPUT PARAMETER BFlD MUST BE THE ANOMALOUS(![ REOUC£0)8 fiELD. 
C lf THE PARAMETER fORWRD : 1.0 THE ROUTINE fUNCTIONS AS DESCRIBED 
C A~OVE• lf fORWR~ =-1.0 THE ROUTINE WILL PERfORM THE REVERSE 
C OPERATION ON BflD CONVERTING !I FROM PERCENT MMR ANOMALLY TO REDUCED 
C B f!ELO. 
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DIMENSION BfLDC41•41•l>•SELVC41•41)•SOURCEC10•4l 
CON3=1.0E-7•l.OE+l2/SCALE 
00 10 N"JrY.IU.NSKPY 
fN=tLOA T< Nl 
BXREF,o.O 
DO ':i JI:o!.NSRC 
PY:ofN-SOURCECII•2> 
I"X,O.O 
AMP=SOURCEC!Io4) 
R2,PX•PX+I"Y•PY 
lf(R2.GT.0.0025JGO TO 3 
R2=l.O 
AMP=O.O 

3 CB=AMP•CONl!R2 
5 OXREF=BXREF-PY•CB 

C NEXT CARD fOR CONTROl OF DYNAMIC RANGE Of PLOTS 
IFCAOSCBXREfJ.LE.I.OE-15JBXREF=l.DE•40 
00 10 M=!FX.ILXoNSKPX 
00 10 jgl.J 
If!fORwRO.EQ.-l.OJBFLO(M•N•IJ=BXREf•BfLO(M•N•I)/100.0 

10 If!fOR~RO.EQ. l.OJBfLOCM•N•lJ"!OO.OeBfLDCM•N•!J/BXREF 
RETURN 
ENIJ 

SUBROUTINE BANOMTCif'X.IlX•NSKPX.IfY•IlY•NSKPYoSELV•BFlO• 
C SOURCE.NSRC•5CALE•f0RWR0) 

C CALCULATES PERCENT ANOMALY NORMALIZED BY TOTAL FIELD 
C If FDRWRD~l.O ROUTINE fUNCTIONS AS DESCRIBED ABOVE. 
C If fORNRD=·l.O ROUTINE WILL PERFORM THE REVERSE OPERATION 

DIMENSION BFLDC41.4lo3>·SELVC41.41l•SDURCE{10•4> 
CONJg(l.OE•7>•C1.0E+1Z>ISCALE 
00 10 M:!fX.!LX.NSKPX 
fM:fLOAHM> 
DO 10 N:!fYo!L'I'•NSKPY 
f N"HOA H N) 
BX=O.O 
sv .. o.o 
DO 5 Il"l•NSRC 
PX=fM·SOURCECII•l> 
PY:fN-SOURCECII•Z> 

9 AHP,.SOURCEC!Io4) 
RZ=PX*PX+PY•PY 
If<RZ.GT.0.0025)GQ TO 3 
R2=1.0 
AMP,.O.O 

3 CB=AMP•CONHR2 
BX=BX•P'I'.,CB 

S BY=AY+PX.,CB 
OT,.SORTCBX•BX+BY•BY> 

C NEXf CARD fOR CONTROL Of DYNAMIC RANGE Of' PLOTS 
lrCAT.LE.l.OE-l5lST=l.OE+40 
00 lO I=!d 
lfCrORWRO.EO.-!.O)BrLOCM.N.IJ=BT•BFLOCM•N•IJ/100.0 

10 lrCFORWRD.EQ. !.OIBFLDCM•N•IJ•lOD.o~BrLDCM.N•IJIBT 

RETURN 
END 

SURROUT!NE EPERCNPL.SDURCE•NSRC.POf•APR•EfX.EfY•fLATZ·SIGMA• 
C SCALE> 

C COMPUTES PERCENT E FIELD (PQTf.NTIAL DifFERENCEJ NORMALIZED 
C AY TOTAL E FIELD. 

DIMENSION POTC41.4IJ•APRC41•4lJ•EtX(41•41JoEfY«41•41J 
OIMf.NSION SOURCEC!Oo4J 

C NEXT 14 LINES COMPUTE THEORETICAL POTENTIAL IN ARRAY APR. 
CQN:!.OIC&.Z831853leS!GMAe5CALEJ 
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DO 20 ~'~"1•1\!P!. 

SX:HOATOO 
DO 20 1\1"1•1\!l"l 
GMf=O.O 
S'f,.fLOIITOO 
SZ=HATZ 
DO 10 KK"!oi\ISRC 
OX=SX=SOURt:ECKKol) 
DV=SYwSOURCECKKo2) 
DZ=SZwSQURCECKKo3l 
AMI"=SflURCECKKo4) 

10 GMf=GMf~AMP/CSQRTCOXmOX+DVaOV+OZwOZ)•!.OE=40) 
20 1\PRCM.~l=COI\I•GMf 

Dll 40 M=I•NPL 
M3=Mtl 
IfCM.[Q.NPLlMJ=I\IPL 
OU 40 N=l•NPL 
N3=1;tl 
IfCN.EQ.NPLlN3=NPL 
EX=AP~CM3ol\ll=I\PRCMoNl 

EY"I\PR(M.~3l=I\PR(M•Nl 
ET=SQHTCEX•EXtEY•EYl 
IfCET.EO.O.OlET=l.OE=40 
EfX(Mol\ll==lOO.Ow<POTCM3ol\ll=POTCMoNlliET 

40 EfY{MoN):w1Q0.00{P0T(MoN3l=POTCM•N)JIET 
RETURN 
ENO 

SUOROUTii\IE SLOPECI\IPL•f•fXofVl 
C CALCULATES SLOPES ON SURfACE f 
C AVERAGES SLOPES fROM ELEMENTS ON EITHER SIDE Of EACH POINT. 

DIMENSION fC41•4ll•fXC41•4l>•fVC41•4ll 
DO 40 H=loNI"L 
Hl=M*l 
M3=M~1 

In M.EQ.t )Ml=l 
lrC~.EO.NPL)H3=NPL 

DO loO N=l•NI"l 
Nl=N®l 
1\13;N+l 
lfCN.EO.t lNl"l 
IFCN.EO.I\IPllN3=NPL 
fX(MoN):(@f(Ml•Nl+f(H3oN))/2.0 

~0 fY(Mol\ll:(@f(M•Nll+f(H.N3Jl/2.0 
RETURN 
END 

SUBROUTINE I"RINTA(OATA•lfX•llX•lfVoiLY•NSKl•NS~V.Al) 
C GENERAL ROUTINE FOR PRINTING ARRAYS 

O!MENS!ON OATA(~1.41) 
PRINT 105•111 

lOS fORMAT(lH1o20X.eTHE fOLLOWING DATA ARRAY IS eoAlO) 
PRINT 108.IfX•lLX.NSKX.IfVoiLY.I\ISKY 
DO 40 M"ltXolLX.NSKX 
PRINT lOO•M 

40 PRINT llO.CCOATA<H•NlloN=IrY•llYoi\ISKYl 
100 fORMAT<SXowX COORDINATE IS0.IS) 
110 fOR~ATC10(lX•Gl1.5>> 
108 fORMAT(4Xomf!RSfX=••I3.e olASTX=eoiJoe oS~lPXge•ll•e •fiRSTYme• 

Cll•* •LASfY=••l3•• oSK!PY:eo!lJ 
RETURN 
EN!l 

SUOROUTINE PRNTALCI\IPLoOAfAoAl) 
C PR!NfS ALL ELEMENTS 1M THE ARRAY OATil 
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DIMENSION OATAC4lo41l 
lfX:l 
lLX=NPL 
NSKX=l 
IfY=l 
ILY=NPL 
NSKY=I 
CALL PRINTACOATAotfXollXo!fYollYoNSKX.NSKYoAI) 
RETURN 
END 

SUBROUTINE PLOTAl(OATAoNPloAloOAl) 
C CONTOUR PlUT!NG ROUTINE FOR PLOTING ALL POINTS IN DATA 

COMMON/!G5ZZZ/ZC200) 
O!MENSION DATA(41•41Jo~ATrNPLolloLABC4J 

C REPACK DATA INTO OAT 
00 10 M:loNPl 
DO 10 N•loNPL 

C M AND N ARE SWITCHED TO ACCOMMODATE PLOT ROUTINES. 
10 OATCNoMJ•OATA(MoN) 

C SET UP LAUEL 
ENCODEC40oiOOolAAJA1 

100 fORMAT(aTOPOGRAPHIC EffECTS *•AlOJ 
C fHE fOLLOWING ARE LBL BERKELEY PLOT SUBROUTINES. 

CALL EZCNTR(DAToNPL.NPLJ 
CAll SETSHG<Z•l4o3.0J 
CAll lEGNDGCZo38.0.97.5.30.LABJ 
CAll 5ETSHGCZ.!4oO.OJ 
CAll PAGEGCZ•0•1•1J 
RETURN 
END 

SUBROUTINE GPLOT1COATAoNPloAloOATolFXollXoNS~PXoirYoilYoNSKPYJ 
C ROUTINES GPLOTl ANO GPLOTZ ~ORK TOGETHER TO PLOT SPARSE ARRAYS 

O!MfNS!ON OATA(4!.41J•OAT(41.41) 
NK•n 
DO 10 l=lfXollXoNSKPX 

10 NK=NK+! 
CALL GPLOTZCOATA.NKoAloOAT.IfX•IlX•NSKPXolfY•llY•NSKPYJ 
R[fURN 
[NO 

SUBROUTINE GPLOT2COATAoNK•AloOATolfXollXoNSKPXolfYoiLY•NSKPYJ 
C ROUTINES GPLOT! A~D GPLOTZ WORK TOGRTHER TO PLOT SPARSE ARRAYS 

COMMON/lGSZZZ/ZCZOOJ 
O!MENS!ON OATAC41o41J.OATCNKo1J•LAB(4J 
M=O 
DO 10 l=lfXolLX•NSKPX 
M=M+l 
N~o 

DO 10 J=IrYollY•NSKPY 
N=N+l 

10 OAfCNoMI=DATAEioJI 
C SET UP lAAEl fOR PLOT 

ENCODEC30ol00olABIA1 
100 fORMAT(aTQ~OGRAPHIC EfFECTS *•AIOI 

C THE fOlLOwiNG ARE LRl OERKELEY PLOT SUBROUTINES. 
CALL EZC~fR(DAfoNKeNKI 

CALL 5ET~MGCZ.!4.3.0) 
CALl LEGNOGCl.l8.0o97.5o3DelABI 
CAll SETSMGCZ.l4oO.OI 
CALl PAGf.G<ZoO.toll 
RETURN 
END 
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C IfVo!LYoNSKPVl 
C PLOTS HORIZONTAL fiELD VECTORS AS ARROWS 

COMMON/IGSZZZ/ZC200l 
DIMENSION OATAXC41•41)•04TAYC41o4l)o0ATXCNKol)o0AfYCNK•l}oLAB(4) 
M=O 
DO 10 I=IfX.ILXoNSKPX 
M"M+l 
N:::O 
DO 10 J=lfVolLVoNSKPV 
N"N<-1 
DATYCNeMl=DATAVC!oJ) 

10 DATX(NoM)=OATAX(IoJ) 
C SET UP lAnEL fOR PLOT 

ENCOOEC30olOO.LABlA1 
100 fORMATC&iOPOGRAPHIC EffECTS &oAlOl 

C THE fOLLOWING ARE LBL BERKELEY PlOT SUBROUTINES. 
CALL £ZVECCOATVoDATXoNKoNK) 
CALL SETSMGCZol4o3.0l 
CALL LEGNnGCZo3A.Oo97eSo30olAB) 
CAlL SETSMGCZol4o0.0) 
CALL PAGEC<Z•O•l•l) 
RETURN 
END 

C000 S~HPLE CARD DECK roR 2=0 RIDGE HODEL WITH 20 DEGREE SlOPES m00 

C000 THE HODEL SUtRACE IS CREATED BY SUBROUTINE CSURrS 000 

C••* HODEL IS EQUIVAlENT TO THESIS HODEl R=SAZO=!B *** 
c 
c--~•--®=t----~----z---=•=-==3===-+====4===-•====s====•=-==6====+====7 

CAROl 41 20 6 I (I 21.839 o.o 
CARD2 1 2 0 to.o 0.()1() 1.0 1.0 
CAR 03 35 20 40 2 2 
CARfl4 !.() 1 • 0 o.o le 0 1.0 1.0 
CAR ll5 10.0 l(j .o 
SOURCE 2&0.0 zoo.o 21.638 1.0 
IMAGE 260.0 200.0 21.838 1.0 
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1 

Figure 2-3-1. An inhomogeneity of conductivity 02 imbedded 
In a whole-space of conductivity 01 with a 
current source I located at C. 
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Figure 2-3-2. A subsurface current source imbedded in a hi11. 
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TRADITIONAL APPROACH 

SURFACE 
IMAGE URRENT 
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I
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CURRENT 
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Figure 2-3-3. Integral equation approach employing an 
image of the topography and current 
source. 
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CHA GE U T URR NT OUR 

(a) 

HARGE DUE URRENT IMAGE 

I o, = 00 

CHARGE DUE 0 SUPERPOSITI N 

01 

Flgure 2-3-4. Schematic representations of the surface charge 
distributions due to: (a) a subsurface current 
source; (b) a current source image above a per­
fectly conducting earth; and (c) the superposi­
tion of the charge distributions in (a) and (b). 
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Figure 2-8-1. 

T 
a 

1 
Geometry for the evaluation 
at the center of a surface 
a uniform charge density. 
over charge is carried out 
portion of the element. 

of the potential 
element carrying 
The integration 
over the shaded 
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Figure 2-8-2. Surface element geometric types for elements 
surrounding an observation point. The po­
tential at the observation point due to 
charge on a neighboring element is deter­
mined by analytic integration. 



$ IMAGE 

OUTER GRID OUTER GRID 
INNER GRID 

$ SOURCE 

(a) 

OUTER GRID 
$IMAGE 

OUTER GRID 

$ SOURCE 

(b) 

Figure 2-8-3. (a) Geometry of model surfaces when the current 
source and image are symmetric about the plane 
of the outer grid. 

(b) Geometry of surfaces when symmetry of source 
and image does not exist with the outer grid. 
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Figure 2-11-1. Surfaces used for the calculation of the total. 
magnetic field. Surfaces ST and s1 intersect 
directly above the current source r. Surface 
Sr is the model topography; S is the outer 
horizontal surface surroundin~ ST; and s

1 
ls 

the inner horizontal surface. 
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DIPOLE-DIPOLE APPARENT RESISTIVITY PSEUDO-SECTIONS 

INTEGRAL EQUATION MODEL 
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Figure 1-1. Comparison of integral equation (author•s) and 
finite element (Fox et al, 1980) dipole-dipole 
apparent resistivity model psudeo-sections 
computed for a 2-D valley with 10° slopes. 

5 

137 



c' 

PLAN 

I 
9 

B B 

c 

I 
I • 

SECTION 

Figure 3-l-2, 41 x 41 element model surface used to represent 
a hemispherical depression. A current source 
is located at I and the fields are measured 
along lines A, B, and C. 
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Figure 3-1-3. Comparison of analytic equation and integral 
equation model solutions for the vertical 
magnetic field anomalies over a hemispherical 
depression. 
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Figure 3-1-4. 41 x 41 element model surface used to represent 
a dipping interface (sloping terrain surface). 
A current source is located at I. The magnetic 
fields are measured along line A. 
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Figure 3-1-5. Comparison of analytic equation and integral 
equation model solutions for the horizontal 
magnetic field anomaly over an interface 
dipping at 11.25°. 
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Figure 3-1-6. Comparison of analytic equation and integral 
equation model solutions for the vertical 
magnetic field anomaly over an interface 
dipping at 11.25°. 
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0 100 200 

30 M ER 
CONTOURS 

Figure 3-3-1. Topography in the resistivity survey area 
around test drill hole D-9. The area 
shown corresponds to the central 41 x 41 
elements of a 61 x 61 element terrain 
model. 
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Figure 3-3-2. Current electrode configuration used for the 
mise-a-la-masse resistivity survey in the 
area around drill hole D-9. 
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CONTOURS 

Figure 3-3-3. Actual mise-a-la-masse apparent resistivities 
measured on the surface around drill hole 
D-9. 
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RRAIN M DEL 
APPA ENT RE I TIVITIE 

3 OHM-METER 
CONTOURS 

Figure 3-3-4. Terrain model mise-a-la-masse apparent resis= 
tivities computed on the surface around drill 
hole D-9. 
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APPARENT RESISTIVITI S 

METERS 
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10 OHM-METER 
CONTOURS 

Figure 3-3-5. Terrain corrected mise-a-la-masse apparent 
resistivities for the area around drill 
hole D-9. 
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Figure 3=3=6. Qualitative interpretation of the terrain 
corrected mise=a=la-masse apparent resis­
tlvltles in the vicinity of drill hole 
D-9. 
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TOPO RA HY 
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Figure 3-5-1. Topography of the MMR survey area around 
drill hole 0-9. The area shown corres­
ponds to the central 41 x 41 element of 
a 61 x 61 element terrain model. 
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Figure 3-5-2. Current electrode configuration used for 
the MMR survey in the area of drill hole 
D-9. 
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Figure 3-5-3. Actual MMR magnetic fields measured on the 
surface around drill hole D-9. 
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Figure 3-S-4. rrain model MMR magnetic fields computed 
on the surface around drill hole D-9. 
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5. Half-space surface MMR magnetic fields computed 
in the vicinity of drill hole D-9. 
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Figure 3= • Measured MMR magnetic fields with terrain 
model fields removed, i.e., terrain cor­
rected fields. 
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Figure 3=5=7. Qualitative interpretation of the terrain 
corrected magnetic field in the vicinity 
of drill hole D-9. 
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FIELD AREA TOPOGRAPHY CASE: T1-E1 

PLOT WIDTH 61 UNITS 1 UNIT = 30.48 METERS 

O 300 METERS 

Figure 3=6-1. Model topography. Complete 61 x 61 element model 
surface used to model the mise-a-la-masse and 
MMR surveys in the vicinity of drill hole 0=9. 
Contour interval of 0.7 model units (or 21 
meters). Increasing elevations indicated by 
decreasing contour values. 
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0 200 400 - CURRENT SOURCE 

Figure 3-6-2. West-east section through the model topography 
and drill hole D-9 showing the locations of 
down-hole current sources and above-surface 
current source images. 
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SURFACE CHARGE DENSITY 

H 
l. 181 E -05 

H 
.83SE-06 

CONTOUR INTERVAL.OF 3.0E-05 Q/M2 

O 300 METERS 

Figure 3-6-3. Surface charge density on the 61 x 61 
element model surface. 
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ENLARGEMENT OF CENTER SECTION OF MODEL GRID 

SURFACE CHARGE DENSITY 
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0 100 
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Figure 3-6-4. Detail of surface charge density on the central 
21 x 21 elements of the model surface. 
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ELECTRIC POTENTIAL 

CONTOUR INTERVAL 0.003 VOLTS 

O 300 METERS 

Ftgure 3=6=5. Electric potential on the model surface relative 
to a reference potential electrode at infinity. 
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PERCENT OF POTENTIAL SOLUTION DUE TO SURFACE CHARGE 

CONTOUR INTERVAL OF 2.0 PERCENT 
0 300 METERS ......____._...,..._...!! 

Figure 3-6-6. Percentage of the total potential model solution 
due to surface charge. 
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APPARENT RESISTIVITY 

CONTOUR INTERVAL OF 2.0 OHM-METERS 

O 300 METERS 

Figure 3-6-]. Model apparent resistivities computed from the 
total potential using flat earth geometric 
factors and straight lines distances between 
electrodes. (61 x 61 element model surface). 
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Figure 3=6=8. Horizontal vector magnetic fields on the 
model surface due to current flow in 
the wires connected to the down-hole 
current electrodes. 

'\ \ 

'\ 

'\ 

' 
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O 300 METERS 

Figure 3-6-9. Vertical magnetic field on the model surface 
due to current flow in the wires connected 
to the down-hole current electrodes. 
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Figure 3-6-10. Horizontal vector magnetic fields on the 
model surface due to current flow (from 
the down-hole electrodes) in the homo­
geneous earth model. 
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Figure 3-6-11. Vertical magnetic field on the model surface 
due to current flow (from the down-hole 
electrodes) in the homogeneous earth 
model. 
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Figure 3-6-12. Horizontal magnetic field vectors on the model 
surface due to current flow in the wires and 
in the earth. 
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Figure 3-6-13. Vertical magnetic field on the model surface 
due to current flow in the wires and in the 
earth. 

H 
.7 

168 



... 
/ ~ . . .................... 

Bx FIELD WITH WIRE 

CONTOUR INTERVAL OF 4.0 MILLIGAMMAS/AMP 

O 300 METERS 

Figure 3-6-14. Magnetic field x (north) component on the model 
surface due to current flow ln the wires and 
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APPARENT by 51 
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Figure 3-6-16. Model apparent resistivities computed from the 
total potential using flat earth geometric 
factors and straight line distances between 
electrodes. (51 x 51 element model surface), 
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Bx FIELD WITH WIRE GRID 51 by 51 
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Figure 3-6-17. Magnetic field x component on the model surface 
due to current flow in the wires and in the 
earth. (51 x 51 element model surface). 
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Figure 3-6-18. Combined plots of horizontal and vertical 
magnetic fields on the model surface due 
to current flow in the wires and in the 
earth. (61 x 61 element model surface). 
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Figure 3-6-19. Combined plots of horizontal and vertical 
magnetic fields on the horizontal surface 
of a homogeneous earth model due to current 
flow in the wires and in the earth. 
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Figure 3-6-20. Combined plots of horizontal and vertical 
magnetic fields on the dipping (flat) 
surface of a homogeneous earth model 
due to current flow in the wires and 
in the earth. 
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Figure 1. 2-D ridge with 30° slopes. 
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Figure 3-7-2. Percent surface electric field anomaly caused 
by a uniform electric field perpendicular to 
the strike of a 2-D ridge with 30° slopes. 
Negative values indicate an increase ln 
electric field strength. 
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MODEL TERRAIN CASE: M~SA20 
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Figure 3-7-3. 3-D hill with 20° slopes. 
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Figure 3-?-4. Percent surface electric field anomaly caused 
by a D hi11 with 20° slopes in a uniform 
horizontal electric field. Negative values 
indicate an Increase in electric field 
strength. 
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Figure 3-8-1. 2-D ridge model with 10° slopes. 
electrode locations at A, B, and 

Current 
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Figure 3-8-2. 2-D ridge model with 20° slopes. 
electrode locations at A, 6~ and 

Current 
c. 
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Figure 3-8-4. 2-D valley model with 20° slopes. Current 
electrode locations at A, B, and C. 
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Figure 3-8-6. 3-D hill hodel with 20° slopes. Current 
electrode locations at A, B, and C. 
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3-D hill model with 30° slopes. Current 
electrode locations at A, B, and C. 
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MODEL TERRAIN CASE: S~SA20 

Figure 3-8-8. 3-D sink model with 20° slopes. Current 
electrode locations at A, B, and C. 

187 



188 

APPARENT RESISTIVITY 

Figure 3-8-9. XBL 7911-12925 



189 

APPARENT RESISTIVITY CASE: R-SA20-IA 

Figure 3-8-10. XBL 7911-12884 



190 

APPARENT RESISTIVITY CASE: R-SA20-IB 

Figure 3-8-11. XBL 7911-12929 



191 

APPARENT RESISTIVITY CASE: R-SA20-IC 

Figure 3-8-12. XBL 7911-12932 



192 

APPARENT RESISTIVITY CASE: R-SA30-IB 

Figure 3-8-13, XBL 7911-12936 



193 

APPARENT RESISTIVITY CASE: V-SA20-IA 

XBL 7911-12940 



APPARENT RESISTIVITY 

Figure 3-8-15. 

H 
lll. 9 

CASE: V~SA20~IB 

XBL 7911-12944 



195 

APPARENT RESISTIVITY CASE: V~SA20-IC 

Figure 3=8-16 XBL 7911-12947 



196 

APPARENT RESISTIVITY 

Figure 3-8-17. XBL 7911-12951 



APPARENT RESISTIVITY 

L 
101.6 

Figure 3-8-18. 

CASE: M-SA20-IA 

L 
101. 

197 



198 

APPARENT RESISTIVITY CASE: M~SA20~IB 

~------ gli).oo 

Figure 3=8-19. XBL 7911-12959 



199 

APPARENT RESISTIVITY CASE: M~SA20-IC 

Figure 3-8-20. XBL 7911-12963 



APPARENT RESISTIVITY 

Figure 3-8-21. 

L 
92.39 

200 

CASE: M-SA30~IB 

XBL 7911-12967 



201 

APPARENT RESISTIVITY CASE: S-SA20-IA 

Figure 8-22. 



202 

APPARENT RESISTIVITY CASE: S-SA20-IB 

H 
~~Q 107. 

~ 10'%.0----

Figure 3-8-23. XBL 7911-12975 



203 

APPARENT RESISTIVITY CASE: S-SA20-IC 

Figure 3-8-24. XBL 7911-12979 



' . 
' 

. . 

PERCENT Bx ANOMALY 

Figure 3-8-25. 

204 

XBL 7911-12926 



PERCENT By ANOMALY 

...... 
-"" .. "' 
- --~~~ ........ 
. . . 
. . . . . 

·. ... .. .... 

Figure 3-8-26. 

CASE: R-SAlO-IB 

.· .• 

XBL 7911-12927 

205 



PERCENT Bz ANOMALY 

L 
-l. 307 

Figure 3-8-27. 

206 

CASE: R~SAlO-IB 

XBL 7911-12928 



207 

PERCENT Bx ANOMALY CASE: R-SA20-IA 

Figure 3=8-28. XBL 7911-12885 



' ' 
'• 

PERCENT By ANOMALY 

··. .. 
.. 

Figure 3-8-29. 

208 

CASE: R-SA20-IA 

XBL 7911-12886 



209 

PERCENT Bz ANOMALY CASE: R-SA20-IA 

Flgure 3-8-30 XBL 7911-12887 



210 

PERCENT Bx ANOMALY CASE: R~SA20-IB 

.. ·· . .. ...... "~.,.~ .. .,.,.,.,. "'"' 
·. 

Figure 3=8-31. XBL 7911-12930 



211 

PERCENT By ANOMALY CASE: R-SA20-IB 

Figure 3-8-32. XBL 7911-12931 



PERCENT Bz ANOMALY 

l 
-'!,078 

Figure 3-8-33. 

0 

§ 

CASE: R~SA20-IB 

H 
'!.078 

XBL 7911-12883 

212 



PERCENT Bx ANOMALY 

H 
2.601 

Figure 3-8-34. 

L 
-2.601 

XBL 7911-12933 

213 



214 

PERCENT By ANOMALY CASE: R-SA20-IC 

Figure 3-8-35. XBL 7911-12934 



215 

PERCENT Bz ANOMALY CASE: R-SA20-IC 

.-·····[···--... 
· ... <:2. 137' 

.. 6 .... .-"' 

Figure 3-8-36. XBL 7911-12935 



. . . . 

PERCENT Bx ANOMALY 
IJ , .. ""' .................. ~ ............. .,.,., .... ~ .. ·~ .. \ \ 

/,."'" .............. ., ..................... .. 
f I ;;" 

. 

·- -. -~. -. ·- · ... ·, ·. ·- .. ·- ·ts· q~··"· 

Figure 3-8-37. 

216 

CASE: R-SA30-IB 

XBL 7911-12937 



217 

PERCENT By ANOMALY CASE: R-SA30-IB 

Figure 3-8-38. XBL 7911-12938 



,• 

PERCENT Bz ANOMALY 

............ ~ .... @ .. .,. ..... ............ 

L 
-8.386 

Figure 3-8-39. 

CASE: R~SA30~IB 

0.000 -------

H 
8.386 

XBL 7911-12939 

218 



PERCENT Bx ANOMALY 

.· 

... -·L.·····: 
·~1.3.~·16 

........ 
................. ~,. 

.... D .................. .,.,. .... "'"' .... <;' .. 

Figure 3-8-40. 

. · 

. . 

. 
' 

' 

219 

CASE: V-SA20-IA 

XBL 7911-12941 



' ' . . . . . . . . . 

·· . 

PERCENT By ANOMALY 
• g? ~ ,~' e" 

.. ./······· 

.. .. 

. 
' 

' . 

Figure 3-8-41. 

220 

CASE: V-SA20~IA 

XBL 7911-12942 



221 

PERCENT Bz ANOMALY CASE: V-SA20-IA 

........ 
·. 

Figure 3-8-42. 
XBL 7911-12943 



··. 

·. 

PERCENT Bx ANOMALY 

"'"' .......... 

-·· 
' ' ' 

Figure 3-8-43. 

CASE: V-SA20-IB 

L 
~0.9495 

0.000 --------

XBL 7911-12945 

222 



PERCENT By ANOMALY 
................... ... · . ................ ... 

Figure 3-8-44. 

223 

CASE: V-SA20-IB 

: 

XBL 7911-12946 



PERCENT Bz ANOMALY 

-12.00 

·. 
·. 

_..,_.,.., ... .,. ......... ....... -.. -... . · 

Figure 3-8-45. 

.. ·· . .. 

.. .... ., .. ..... "' .. 

.. -... ...................... 

.· 

224 

CASE: V-SA20-IB 

XBL 7911-12882 



225 

PERCENT Bx ANOMALY CASE: V-SA20~IC 

Figure 3=8-46. XBL 7911-12948 



PERCENT By ANOMALY 
. . 
'. 

CASE: V-SA20-IC 

. . 

_ .... --··::::.·;_:;i::;;;.i;:;~~i0~~~;f~lf~~s~~~~;:·:~~i::~::::::::::::::::::~:·::: .. :.~~~-
, .... "' 
' 
' 

. . . 

·. ··. . . .. 

Figure 3-8-47. 

. 
. . . 

: ' .. . . 

XBL 7911-12949 

226 



227 

PERCENT Bz ANOMALY CASE: V-SA20-IC 

Figure 3-8-48. XBL 7911-12950 



PERCENT Bx ANOMALY 

Figure 3-8-49. 

. . . . . . . . . . 

CASE: M~SA10-IB 

H 
0.':1795 

. . . . . . . . . 

.......... 
tt"' o.,~ . . 

f L ! 

-~to.q~.J 

. . . . 
. . 

. 

·. 

. . 

· . 

XBL 7911-12952 

228 



PERCENT By ANOMALY CASE: M-SA10-IB 

. . 

Figure 3-8-so. 

. 

O.OIXl 

.......... .,. ........ .,. ........... ........ ... ..... 

.,. .... "'"'"' ............................. ... 
••• ····~---·· -8.000 

.... "' .. "',, .... 
,/6 ,/"'" . . . . . . . . . . ·. 

"tl,~ 

"' ....... ·· . · .. 

. . . 
<o • ~"' ~"'" II II ....... .,., .... .... ,. ..... .,.., ....... 

"........ .. .. "" .......... ,,..,. .... 
Q"' ..................................... ~ .. ., .. .. 

•. .. ...... 

. . . . ' ~ t. ~ 

: '% \ ... 
. . . . . 

. . . . 

. . . 

XBL 7911-12953 

229 



PERCENT Bz ANOMALY 

Figure 3~8-51. 

' 
' 

. . ' ' 

' ' 

., .. "'"' 
? . / .··· 

$~ /' ~"" ...... ~ .............. -4 .. ()()() .. ., 
~ II ~ "<> <> " <>"' 

: : .•' ·········· ··------... 

V~i-~li~~)_--~i!)~~::~~-:.-:.::· · .. ·. · .... 
. ., l~R 99 \ ': \ \ \ ', ', ' ' 
·:~·~ .. ~~,~\S .. ~ ,. ~ : ~ o Q 

.!~!::.~·: .. ' .......... · / ,· : f 

::~:::~t:: ........ ·· ' ..: 
.. · 

.., .. .,.., ......... "'""' ' 
' 

•' 

.,.,...,.,., .. , .. ~ 
.· ...... ., .... 

\ .. ·. \ ___ ·_~ ·--·· 

' 

: 
: 

•' 

' . 

. . . "' .... ., , .. "' 
"""<>.,.,.,...,.,.,<><>o<>.,.<:><><»<>"'o<><>"""""<>" 

. . . . . 
.. ..... ., 

. . 

XBL 7911-12954 

230 



PERCENT Bx ANOMALY 

Figure 3-8-52. 

' ' ' ' 
' ' . . 
' ' ' . 

. . . . . . . 
§ ~ 
ci, 

' . . . . . . . . . . . . . . . . . 
' . . . 
' . 

' 
' ' ' ' ' ' ' ' ' ' 

. . . . . . . . . 

CASE: M-SA20-IA 

' ' 

. 

' ' ' ' ' 

. . 
' . . . . . 

. . . 

-12.00 ... ... 

. . . ' . . / -·· 
""'.,.,.,_c.,."'"'P 

.·· .-" 

.......... 

. 

. 

. . . . 

. . . 
0 . . . 

' 
' 

XBL 7911-12956 

231 



PERCENT By ANOMALY 

Figure 3=8=53. 
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Figure 3-8-57. 
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Figure 3-8-60. 
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Figure 3-8-61. 
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Figure 3-8-63. 
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Figure 3-8-66. 
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Figure 3-9=1. Comparison of vertical magnetic field anomalies 
calculated with the full numerical solution and 
with an approximate method using half-space 
electric fields and surface slopes. 
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